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ABSTRACT 
 
 
This thesis is concerned with exploratory synthesis of polyanion based open-
framework solids that can potentially be used as cathode materials in lithium batteries. 
Two silver manganese vanadates were discovered, Ag3Mn(VO4)2 and AgMn2V3O10, 
which show different possibilities as cathode materials for primary battery applications; 
the former contains a higher (Ag+Mn)/V ratio, which is sought for extended capacity 
cathodes, while the latter may prove better for lower power devices. The structures of the 
two materials differ in that Ag3Mn(VO4)2 is a layered material where as AgMn2V3O10 
possesses a one-dimensional channel along the c axis.  
These materials were synthesized under vacuum in fused silica tubes after the 
starting materials were ground together and heated to 600 °C for three days and then 
slowly cooled to 300 °C. This synthetic route is different than previous cathode materials, 
which typically have been synthesized by hydrothermal techniques. By utilizing high 
temperature methods employed within this thesis, thermodynamic rather than kinetic 
products are formed, which are important for high temperature battery applications.  
Also described is a non-centrosymmetric (NCS) cesium cobalt phosphate, 
Cs2Co2O(P2O7) which is characterized by a three-dimensional framework showing 
channels in which cesium ions reside. KCrAs2O7 and RbCrAs2O7 were synthesized in 
molten-salt media, and the crystal structures exhibit a channeled framework as well. The 
magnetic and electronic properties of these three materials are discussed in detail. On the 
basis of the bond distances and local geometry with respect to the ion-transport of 
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electropositive cations in the channel framework, these materials show potential as ion-
exchange materials. 
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ACKNOWLEDGMENTS 
 
I would like to thank my advisor Dr. Shiou-Jyh Hwu for his guidance throughout 
this study as he provided many insightful ideas and thoughts. Also I would like to thank 
my committee members Dr. William T. Pennington, and Dr. Rhett C. Smith for their 
input into this thesis. 
I thank Dr. Donald G. Vanderveer for his help with crystal structure solutions 
especially when I first began. I thank the Kolis group for lending me tools throughout the 
years and Electron Microscope Lab at AMRL for their instrumentation.  
Concerning my group, I would like to thank Greg Becht (for showing me 
electrochemistry is not so scary), Wendy Queen (for her help concerning magnetism), 
Sanjaya Ranmohotti (for magnetic help and sharing a lab with me over the years), and 
Matthew Williams (for moral support) for their support through out the years of study. 
Also I would like to say thanks to Dr. Lei Wang for teaching me many of the techniques 
employed throughout this thesis.  
I also thank my family for supporting me during the years, without their support I 
would not have been able to complete this study.  
 
  v 
TABLE OF CONTENTS 
Page 
 
TITLE PAGE....................................................................................................................i 
 
ABSTRACT.....................................................................................................................ii 
 
ACKNOWLEDGMENTS ..............................................................................................iv 
 
LIST OF TABLES.........................................................................................................vii 
 
LIST OF FIGURES ........................................................................................................iv 
 
CHAPTER 
 
 I. INTRODUCTION .........................................................................................1 
 
   Solid State Synthetic Chemistry ..............................................................1 
   Lithium Batteries .....................................................................................4 
    A Brief History ..................................................................................6 
    Positive Electrode Materials ............................................................10 
                        Thesis Work ...........................................................................................11 
                        References..............................................................................................13 
 
 II. EXPERIMENTAL TECHNIQUES.............................................................15 
 
   Synthesis of Phosphates, Arsenates ......................................................15 
                        Synthesis of Silver Vanadates................................................................15 
   Physical Property Measurements...........................................................18 
   References..............................................................................................22 
 
III. SYNTHESIS AND STRUCTRUAL  
                 CARACTERIZATION OF Ag3Mn(VO4)2 ...........................................23 
    
   Introduction............................................................................................23 
   Synthesis ................................................................................................24 
   Characterization .....................................................................................25 
   Structure.................................................................................................26 
   Discussion ..............................................................................................35 
   Conclusions............................................................................................43 
   References..............................................................................................44 
 
  
  vi 
Table of Contents (Continued) 
 
IV. SYNTHESIS AND STRUCTURAL  
                 CHARACTERIZATION OF AgMn2V3O10 ..........................................45 
    
   Introduction............................................................................................45 
   Synthesis ................................................................................................46 
   Characterization .....................................................................................47 
   Structure.................................................................................................48 
   Discussion ..............................................................................................56 
   Conclusions............................................................................................63 
   References..............................................................................................64 
 
V.     THE STRUCTURE AND PHYSICAL PROPERTIES  
               OF COMPOUNDS WITH CHANNELED  
               FRAMEWORKS: Cs2Co2O(P2O7), KCrAs2O7, AND  
               RbCrAs2O7 ..............................................................................................65 
    
   Introduction............................................................................................65 
   Synthesis ................................................................................................67 
   Characterization .....................................................................................69 
   Structure.................................................................................................71 
   Discussion ..............................................................................................89 
   Conclusions..........................................................................................103 
   References............................................................................................104 
 
 VI. CONCLUSION..........................................................................................106 
 
   Future work..........................................................................................108 
    
  vii 
LIST OF TABLES 
 
 
Table                                                                                                                               Page 
 
 3.1 Crystallographic Data for Ag3Mn(VO4)2.............................................................................. 28 
 
 3.2      Atomic Coordinates and Equivalent  
                  Displacement Parameters for Ag3Mn(VO4)2............................................................. 29 
 
3.3      Table 3.3 Anisotropic Thermal Parameters (Å2)a for  
                 Ag3Mn(VO4)2 .................................................................................................................................. 30 
 
3.4 Table 3.4 Selected bond distances (Å)a for  
                 Ag3Mn(VO4)2 ...................................................................................................................................31 
 
3.5 Selected Bond Angles (deg) for Ag3Mn(VO4)2 ............................................................... 32 
 
3.6      Comparison of cell dimensions between Ag3Mn(VO4)2  
                  and Ag3Fe(VO4)2 ......................................................................................................................... 34 
 
4.1 Crystallographic Data for AgMn2V3O10................................................................................ 49     
4.2    Atomic Coordinates and Equivalent Displacement                                      
Parameters for AgMn2V3O10 ................................................................................................ 50 
 
       4.3      Anisotropic Thermal Parameters (Å2)a for AgMn2V3O10 ......................................... 51 
 
4.4      Selected Bond Distances (Å)a for AgMn2V3O10.............................................................. 52 
 
       4.5      Selected Bond Angles (deg) for AgMn2V3O10 ............................................55 
 
       5.1      Crystallographic Data for Cs2Co2O(P2O7)..................................................  73 
 
5.2      Crystallographic Data for KCrAs2O7 ...................................................................................... 74 
 
5.3 Crystallographic Data for RbCrAs2O7.................................................................................... 75 
5.4 Atomic Coordinates and Equivalent Displacement                                            
P    Parameters for Cs2Co2O(P2O7) ..............................................................76 
5.5 Anisotropic Thermal Parameters (Å2)a for                                      
Cs2Co2O(P2O7) ......................................................................................77 
 
  viii 
List of Tables (Continued) 
 
Table                                                                                                                               Page 
 
 5.6 Atomic Coordinates and Equivalent Displacement                                          
   Parameters for KCrAs2O7 ......................................................................78 
 
 5.7 Anisotropic Thermal Parameters (Å2)a for KCrAs2O7.................................79 
 
5.8      Anisotropic Thermal Parameters (Å2)a for KCrAs2O7.................................80 
 
5.9      Anisotropic Thermal Parameters (Å2)a for RbCrAs2O7 ...............................81 
 
5.10 Selected bond distances (Å)a for Cs2Co2O(P2O7) .......................................82 
 
5.11 Selected Bond Angles (deg)a for Cs2Co2O(P2O7) .......................................83 
 
5.12 Selected bond distances (Å)a for KCrAs2O7 ................................................84 
 
5.13 Selected bond distances (Å)a for RbCrAs2O7 .............................................86 
  ix
LIST OF FIGURES 
 
 
Figure                                                                                                                             Page 
 
 1.1      Diagram depicting a lithium battery (top) and lithium 
                  ion battery (bottom) operation. ......................................................................5 
 
 3.1      Ag3Mn(VO4)2 viewed along the b axis. .......................................................37 
 
3.2      Ag3Mn(VO4)2 viewed along the c axis ........................................................38 
 
       3.3      Manganese octahedral displaying the Jahn-Teller  
                       distortion along the z axis. Vanadium (yellow) is  
                       connected to the oxygen atoms (red) to show how  
                 the manganese octahedral is isolated. ....................................................39 
 
3.4       Silver coordination showing their geometries with Ag1  
               possessing a distorted tetrahedral coordination while  
                      Ag2 exhibits a distorted octahedral coordination. ...................................40  
 
3.5       A perspective view of Ag3Fe(VO4)2 for comparison  
                with Ag3Fe(VO4)2 structure ....................................................................41 
 
3.6       EDX data showing the relative amounts of silver,  
                 manganese, vanadium, and oxygen within  
                 Ag3Mn(VO4)2 .................................................................................................................................. 42 
 
 4.1       A projected view of AgMn2V3O10 along the c axis ....................................58 
 
       4.2       Manganese octahedra linked together forming a tetramer..........................59 
 
4.3  Manganese tetramer isolated via V3O10 units ..............................................60 
 
 4.4       Silver coordination with respect to oxygen. The bond  
                 distances are shown as well and are in units of Å   ...............................61 
 
 
 
 
 
 
 
 
  x
List of Figures (Continued) 
 
Figure                                                                                                                             Page 
 
 4.5  EDX quantities showing relative amounts of each  
                        element. ..................................................................................................62 
 
5.1      Perspective view along the b axis of Cs2Co2O(P2O7) 
                 Figure caption goes here ........................................................................90 
 
5.2 Cs2Co2O(P2O7) viewed along the c axis showing the  
                 channels in which Cs resides .................................................................91  
 
5.3 Chain that runs along the b axis in Cs2Co2O(P2O7)  
                 composed of Co2O7 and P2O7 units that share their  
                 vertex oxygen atoms ..............................................................................92 
 
5.4 Perspective view along the c axis of KCrAs2O7  
                 showing channels where potassium resides...........................................93  
 
5.5 Perspective view along the b axis of KCrAs2O7 showing  
                 channels where potassium resides .........................................................94   
 
5.6 UV-vis spectrum of Cs2Co2O(P2O7) displaying the 
                 intense d-d transition resulting in the blue color in  
                 the crystal ...............................................................................................95 
 
5.7 UV-vis spectrum of KCrAs2O7 showing d-d transitions  
                 along with a ligand to metal charge transfer ..........................................96   
 
5.8 EDX of Cs2Co2O(P2O7) showing the elemental contents............................97 
 
5.9 EDX of KCrAs2O7 showing the elemental contents....................................98 
 
5.10 PXRD pattern of high yield reaction (Red) of  
                        Cs2Co2O(P2O7) as compared to the calculated  
                        PXRD pattern (blue) ..............................................................................99 
 
5.11 Temperature dependent magnetic susceptibility curve  
                 along with inverse susceptibility at a field of 100 Oe..........................100 
 
 
 
 1 
 
CHAPTER ONE 
 
INTRODUCTION 
 
 
Solid-State Synthetic Chemistry 
Solid materials are useful for a number of applications that involve broad aspects 
of everyday life in areas such as aerospace industries, medicine, electronics, military 
defense, and transportation. In order for modern technology to move forward, the 
synthesis of new solid-state materials with improved properties plays an integral role of 
advanced materials research. Several synthetic methods commonly used for the 
preparation of solid-state materials, particularly solids with extended structures, include 
conventional solid-state synthesis (> 300oC), molten-salt flux synthesis, 
hydrothermal/solvothermal synthesis (normally around and below 200oC), precursor 
synthesis, Chemie-Douce synthesis, and sol-gel synthesis. 
Conventional solid-state methods require high temperatures and extended periods 
of heating in order to facilitate nucleation and ion diffusion. The reactants may seem to 
be thoroughly mixed macroscopically but on the atomic scale they are very far from one 
another. This is why long heating durations are required to provide time for ions being 
brought to close proximity through diffusion to allow new phase formation through 
breaking existing bonds and forming new bonds. Most notably are the high temperature 
superconductors that were prepared with this method such as YBa2Cu3O7-δ.2 In a typical 
ceramic approach, stoichiometric amounts of binary oxides are mixed and heated for a 
day followed by intermittent grindings to form a homogeneous product. This method is 
sometimes referred to as “shake and bake.” 
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Molten-salt methods require a temperature that allows the salt to be in its liquid 
phase which allows it to act as a solvent. The salt can be part of the reaction itself or act 
as a non-inclusive solvent in which the reactants are soluble. In hindsight, the former is 
particularly useful when layered or channels networks are desired. Salt-inclusion solids 
(SISs), for instance, constitute a newly emerging class of compounds where salt acts as a 
templating agent with respect to the formation of open-framework materials. With this 
type of network, the salt can potentially be removed by washing and exchanged with 
other ions, salt, or molecules1. The type of salt is important as well. If large cations and 
anions are used then larger cavities are formed after salt removal, allowing larger 
amounts of material to be inserted. This can possibly lead to the development of special 
frameworks for applications in gas (such as hydrogen) storage and ion-transport, for 
example.  
Hydrothermal methods utilize water as a solvent under varying pressure, and at 
temperatures well above the boiling point. Though water is implied in hydrothermal 
methods, solvothermal techniques are a broader term to better describe any solvent 
system. In this method the solvent serves as a pressure transmitting medium, along with 
some or all of the reactants being soluble in it under pressure, enabling reactions that 
would otherwise take higher temperatures in the absence of a solvent. Also, solvothermal 
methods allow for metastable phases that would not exist at higher temperatures to form.3 
An example of the utilization of the solvothermal technique is the production of α-quartz 
for optoelectronic applications.4 
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Precursor synthesis can take place at lower temperatures due to the intimately 
mixed reactants which in turn decrease diffusion distances. This method can eliminate 
intermediate impurity phases and stabilize metastable phases. This method does involve 
reagents that can be difficult to work with. Precursor methods for sol-gel synthesis, for 
instance, involve mixing the starting materials in a solution, and then the solvent is 
removed, leaving a mixture of amorphous or nano-crystalline mixtures. Then the gel or 
powder that is formed after removal of the solvent must be heated in order to obtain the 
product desired. Silver vanadium oxide (SVO), a commercial cathode material for 
implantable medical devices, can be synthesized in this manner.5 SVO has been known 
since 1930, by the work of Britton and Robinson.6 Their work involved titrations of 
aqueous silver nitrate with sodium vanadate. It was during this time that the 3:1, 2:1, and 
1:1 (Ag:V) phases of SVO were discovered. 
Chemie-Douce reactions, involving ion-exchange and intercalation, for instance, 
are typically carried out at moderate conditions which involves temperatures lower than 
200 °C. This method allows the structure to be preserved while changing the composition 
of the final products. It is useful in the application of heterogeneous catalysis, sensors, 
and battery materials.7 The correct conditions must be met in order for this method to 
yield the desired products. An example of this is the intercalation of lithium into TiS2 via 
n-Bu-Li. 
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Lithium Batteries 
Lithium Battery Operation 
 A lithium battery consists of a negative electrode (anode) and a positive electrode 
(cathode) that are connected to allow the flow of electrons from anode to cathode upon 
discharge and vice versa if a secondary battery is considered. Between the two electrodes 
is a non-aqueous electrolyte to allow the Li+ ions a medium to migrate from anode to 
cathode. A lithium cell utilizes lithium metal as an anode while using some sort of 
insertion material as a cathode. Related to the lithium cell is the lithium ion cell in which 
two insertion materials are used, one for each of the electrodes. Typically graphitic 
carbon8 is used. Figure 1 shows a diagram depicting each of the two types of lithium 
batteries. Both are rechargeable. The top figure has anode problems resulting from 
formation of dendritic lithium during charging. It grows across the cell during 
charge/discharge cycle, which will eventually give rise to short circuits when the Li-
anode touches the cathode.  
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Figure 1.1 Diagram depicting a lithium battery (top) and lithium ion battery (bottom) 
operation.  
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A Brief History 
 Commercial lithium primary batteries have been on the market for about 40 years 
with commercial secondary batteries being introduced about 20 years ago by Sony. In 
comparison to aqueous batteries, lithium batteries have been in existence for a short time 
and improvement in technology will occur in the near future due to the high demand for 
consumer products.9  
 Lithium has a high standard reduction potential along with being the lightest 
metal, which makes it a good candidate as a component in a battery. Compared to other 
metals lithium has a very high energy content with a theoretical specific capacity of 3860 
Ah Kg-1 compared to that of zinc and lead which have theoretical specific capacities of 
820 Ah Kg-1 and 260 Ah Kg-1, respectively.9 Lithium possesses a standard reduction 
potential of less than -3.0 V resulting in the metal being thermodynamically unstable in 
aqueous solvents.9 Thus the practical lithium battery had to wait until non-aqueous 
electrolyte systems were developed.  
 NASA and the Department of Defense in the United States carried out much of 
the early development of lithium batteries before 1970. During this early period a variety 
of cathode materials were studied which include silver chloride, copper chloride, copper 
fluoride, and copper sulfide. These materials proved to have problems with discharge 
efficiencies at high currents and poor shelf lives.10  
 In the 1970’s and 1980’s, there was rapid development in the understanding of 
basic processes associated with lithium batteries. The commercialization of a variety of 
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primary lithium batteries, which are established systems today, were also developed 
during this period.11  
 As mentioned earlier lithium metal creates a problem in that it is very susceptible 
to oxidation. In order to have a battery that is practical, the lithium must be stabilized. It 
was during this period that the passivation of lithium was performed via an electronically 
insulating film.12 These films gave primary cells longer shelf lives. Further understanding 
of the passivating layer can be acquired from the work of Peled.13 Initially propylene 
carbonate was used as an electrolyte and decomposed into propylene gas and carbonate 
ion which formed the passivating layer. 
 The choice of electrolyte becomes less complicated with the understanding of the 
protective film and transport of lithium within the electrolyte. The development of 
cathodes with more positive reduction potentials requires stability to oxidation. A 
solution to this problem was resolved by utilizing a mixed electrolyte. The combination 
allowed for the solvent to possess a high dielectric component which controlled film 
formation and low viscosity allowed better conductivity.10   
 Lithium primary batteries are divided into three categories depending on the type 
of cathode used. The first category is solid cathodes that are insoluble in the electrolyte 
and include metal oxides such as CuO, MnO2, PbO, V2O5, oxosalts (Ag2CrO4 and 
Ag2V4O11), as well as metal sulfides and polycarbon fluorides. The second category 
consists of soluble cathode materials such as sulfur dioxide. The third category is 
comprised of liquid cathodes materials such as thionyl chloride and sulphuryl chloride.10  
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The early 1970’s saw the commercialization of primary lithium cells that were 
originally developed for military use. During this decade the capacities had a dramatic 
optimization from a mere 5 mAh to thousands of Ah. It was during this decade that their 
characteristics gave them potential for use in electronics. The attributes that give them 
such considerable attention is their high cell voltage. Cell working voltages are usually 3 
V with some going as high as 4 V whereas alkaline batteries have working voltages of 
1.5 V. Flat discharge is another attribute in which the open current voltage remains 
constant over extended periods of time. An example of this is watch batteries. They have 
a constant voltage over a period of time before it decays. A long shelf life is another 
desired attribute that lithium batters possess. The long shelf life can be attributed to the 
passivating layer on the lithium creating shelf lives of 10 years or more with minimal loss 
in capacity (< 10%). A wide operating temperature range is a final desirable attribute. 
The temperature range for lithium batteries runs from -40 °C to above 60 °C.10  
 From 1985-2000 the largest development within the field of lithium batteries was 
in the area of secondary cells. Secondary batteries are possible due to cathode materials 
developed based on intercalation compounds which are capable of undergoing many 
charge and discharge cycles without a large loss in capacity. A number of transition metal 
oxides and sulfides (TiS2, MoS2, CoO2, NiO2, and MnO2) can reversibly intercalate 
lithium into vacant sites without destroying the host lattice.14 Issues with cathode 
materials emerge as a balance between multiple properties needs to be made. Cycle life is 
improved at the expense of capacity. Very small changes to existing cathode materials 
can yield large improvements in their performance. An example of this is the doping of 
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Co, Cr, or Ni into the spinel MnO2. By doping these specific transition metals into MnO2 
the structure is stabilize and volume change which occurs during the charge-discharge 
cycle may be reduced.15  
 Secondary batteries pose several problems associated with the passivation layer 
around lithium. The plated lithium grains may be lost as a result of electronic isolation 
from the bulk electrode which effectively reduces the capacity. Uniformity of the deposit 
can be poor resulting in short circuits, referred to as dendritic formation. Finally, the 
reaction involving the passivation is very exothermic which can cause the cell to over 
heat. Solutions to these problems that are in development are designing the electrolyte to 
optimize the formation of the passivating layer called a solid electrolyte interface, SEI. 
An example is using polymer electrolytes. Another solution is to replace the lithium 
metal with another insertion host which is based on graphitic carbon leading to what is 
called the lithium ion cell.  
 In a lithium ion cell, lithium exists in its ionic form instead of the metallic form. 
Lithium ion cells solve the dendrite problem and are considered safer than lithium metal 
based batteries. As a result of the increase in potential of the negative electrode, a high 
potential insertion material is needed for the positive electrode. So interest in insertion 
material such as transition metal oxides with two- or three-dimensional structures became 
of interest. In June of 1991 the Sony Corporation introduced a lithium ion cell based on 
C/LiCoO2. This cell has a potential of 3.6 V and large energy densities ranging from 120-
150 W h Kg-1.16  
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Positive Electrode Materials 
 For lithium batteries the positive electrode must be lithiated depending on the cell 
type in which it is intended to serve as a component. For lithium ion cells the positive 
electrode should be lithiated (in charging process) initially as the carbon negative 
electrode possesses no lithium initially, such that the positive electrode must act as a 
source of lithium. In contrast, positive electrodes designed for lithium batteries that 
utilize lithium metal as a negative electrode material need no lithium ions present in the 
structure.16  
 LiNiO2 was initially considered as a positive electrode material for lithium ion 
batteries17 and was shortly replaced by LiCoO2. The exothermic oxidation of organic 
electrolyte along with the collapsing LixNiO2 structure upon delithiation caused safety 
concerns. LixCoO2 is more thermodynamically stable than LixNiO2 thus by simply 
substituting Co for Ni the safety problem is resolved. Another material that is highly 
studied is LiMnO2. A major problem with this material is that it undergoes a phase 
change to the spinel LixMn2O4 upon cycling. The solution that solves this particular 
problem is to substitute some of the manganese with chromium which helps to stabilize 
the distortion associated with Mn3+.18  
 Many insertion materials have been synthesized over the past 25 years. Even with 
the number of insertion compounds increasing each year there is no increase in capacity. 
In order to increase the capacity materials that allow the metal-redox oxidation to occur 
by two units such as Mn4+/Mn3+ followed by Mn3+/Mn2+, are sought with a preservation 
of the structural network.19  
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 Another set of positive electrode materials that is highly studied is that of silver 
vanadium oxide (SVO). Several phases exist with potential to be used as cathode 
materials. Ag2V4O11 is the first SVO material to be used as a cathode material for primary 
lithium cells and possesses a larger capacity than that of AgVO3. Ag2V4O11 originally 
began as a cathode material in 1982 when Liang et al. were granted the first of two US 
patents for SVO materials.20 The material was targeted for high temperature applications. 
Ag2V4O11 was originally synthesized via thermal decomposition via mixture of silver 
nitrate and vanadium pentoxide.  
 
Thesis Work 
This thesis is concerned with the development of positive electrode materials 
based on silver, manganese, vanadium, and oxygen along with some other materials such 
as phosphates and arsenates that have potential to be used as cathode materials as well. 
The development of incorporating manganese into a silver vanadates structure allows for 
the reduction of two metals rather than one. Due to the nature of vanadates adopting 
layered structures this presents great opportunity to facilitate facial ion transport with 
respect to lithium cation.  
Open framework structures present many opportunities for various applications. 
They can be used for quantized magnetic nanostructures due to their low dimensionality, 
hydrogen storage, and ion transport for battery devices (of which this thesis is 
concerned). The materials presented in this thesis use polyanions which form tetrahedral 
coordinations. Because of this coordination geometry they do not pack well with 
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octahedrally coordinated transition metals thus causing the material to form a structure 
that is open in framework. These polyanions result in an induction effect weakening the 
M-O bond which in turn increases the voltage (vs. Li/Li+) of these materials.21 
Phosphates and arsenates presented in this thesis show potential as candidates for 
lithium ion insertion; hence for cathode materials. If the A site cations can be exchanged 
for lithium then they can be further tested for their positive electrode potential. These 
structures show three-dimensional channel networks within their structures allowing A-
site cations to move in multiple directions. With this in mind, possible applications for 
these materials are lithium ion batteries.  
We will focus on the synthetic aspects of the materials development, more 
specifically exploratory synthesis for materials discovery. The ideal infrastructure of this 
research includes materials characterization with respect to battery testing. However, due 
to yet to be developed on-site collaborations, we are unable to perform the battery testing 
for these newly synthesized materials in a timely manner. It should be noted that this is 
just a preliminary study that based on the prior knowledge including induction effect of 
polyanions that have to the reduction potential of linked transition metal cations, Mn2+, 
Mn3+, and Co2+ ions in this case. The resulting compounds provide a solid foundation for 
continued research and development of new cathode materials. 
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CHAPTER TWO 
EXPERIMENTAL TECHNIQUES 
 
Synthesis of Pseudo Ternary Arsenates, Phosphates and Vanadates  
Synthesis of Silver-containing Manganese Vanadates 
Chemicals 
All reactants were used as is from the manufacturer. Mn2O3 (99%, Aldrich), Ag2O 
(99+%, Aldrich), V2O5 (99.6%, Aldrich), were all stored in a nitrogen-purged glovebox. 
These chemicals were used consistently throughout this study.  
Preparations 
 Single crystals of silver manganese vanadates were grown in a fused-silica 
ampoule with no carbon coating. The reactants were ground in appropriate stoichoimetric 
quantities in a nitrogen-purged glovebox1 then sealed in a pre-prepared fused silica 
ampoule under vacuum with a propane torch. The charged ampoule was heated slowly in 
a box furnace2 first to 300 °C at a rate of 0.1°C/min and allowed to soak for a period of 6 
hours. This is to prevent silver oxide from decomposing into silver metal and oxygen. If 
oxygen is evolved then this builds pressure and ultimately leads to the reaction vessel 
bursting within the furnace. Then the reaction is further heated to 600ºC and soaked for 
72 h, then cooled at a rate of 0.1 °C/min to 300 °C at which time the reaction is allowed 
to furnace cool to room temperature.  
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Synthesis of Arsenates and Phosphates  
Chemicals 
All reactants were used as received from the manufacturer. CoO (99.999%, 
Aldrich), P4O10 (98+%, Aldrich), CsCl (99.9%, Aldrich), Na2CO3 (99.95+%, Aldrich), 
K2CO3 (99.99%, Aldrich), MnCO3 (99.9%, Aldrich) were all stored in a nitrogen-purged 
glovebox. These chemicals were used consistently throughout the study. 
Preparations 
All reactants were ground manually for five to fifteen minutes (time depends on 
how well reactants are mixed) in an agate mortar inside the glove box with the 
appropriate stoichiometry. The reactants are then loaded into a carbon coated fused silica 
tube and then placed under a vacuum of 10-6 Torr. The procedures for carbon coating are 
described in detail elsewhere.3 After they have been evacuated they are then sealed with a 
propane torch. Then the sealed tubes were placed in a furnace1 and heated to their desired 
temperatures, 775 °C for Cs2Co2O(P2O7) and 800 °C for ACrAs2O7 (A = K or Rb) 
resulting in single crystals. It is important to note that the starting materials must be dry. 
If they are not dry the sealed tubes can burst at high temperature because of pressure built 
up from the adsorbed moisture. Aside from the obvious and immediate loss of time and 
materials from such a failure, the released reactants can attack the heating elements of the 
furnace, eventually rendering the unit useless. 
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Exploratory Synthesis 
 Exploratory synthesis is designed to search for new materials with desired 
structural features and/or properties for specified purposes and applications. In order to 
achieve new materials, different stoichiometries were chosen based on known 
compounds and then adjusted accordingly when the reaction products are analyzed. 
Adjustments are made depending on the purpose of synthesis such as to make large high 
quality single crystals or high yield for characterizations. Often phase diagrams were 
used in order to provide some guidance for phase compatibility studies. High-yield 
reactions were only performed after the structure was determined in order to provide the 
chemical composition. 
 Within our research group we have been successful in utilizing salt fluxes in order 
to grow single crystals of oxides. The flux method provides a means of crystallizing 
materials that are otherwise polycrystalline. Fluxes can crystallize either known 
compounds or new compounds from starting materials, depending on the conditions. 
Halide fluxes are often corrosive to silica at high temperatures. In order to minimize this 
problem, silica tubes are coated with pyrolized acetone that forms a film of carbon. Flux 
growth and synthesis provides a convenient method for isolation of reaction products by 
simply washing the salt with water. This is particularly advantageous if synthesizing 
channeled or non-channeled structures but when layered materials are produced, washing 
with water can prove to be a disadvantage because the structure will potentially collapse 
as the water dissolves the interstitial salt layers if included into the framework. 
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 Typically an alkali or alkaline-earth halide salt flux exhibiting a eutectic point is 
chosen. The flux is actually a mixture of salt. This allows crystal growth to take place at 
lower temperatures. When using salt flux methods it is important to insure that the salt 
and all starting materials are dry before loading the reaction tube. If water vapor does not 
cause the tube to burst then it can interact with the reactants contained within resulting in 
different chemistry than originally intended. 
 A salt flux is not always necessary to crystallize new materials. In the case of 
silver manganese vanadate, no halide flux is used. As a result no carbon coating is 
required because the reactants are not corrosive to silica glass. In this particular case the 
reactants form a self-flux by melting or partially melting at the reaction temperature 
without the aid of salt.  
 
Characterization of Silver Vanadates and Phosphates 
Powder X-ray Diffraction (PXRD) 
 PXRD can be used for structure solution and compound identification. It is used 
solely as a means of identification within this thesis study. PXRD data was collected 
using a Scintag XDS 2000 θ/θ powder diffractometer. Samples were ground into a fine 
powder and placed onto a zero background quartz sample holder and were run at room 
temperature for all samples. The length of time for data collection depends on size of 
sample. The longer the scan takes the less background retained in the data. Also the 
smaller the sample size the longer a scan will be required. Data was collected over the 
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range of 2θ values of 5º and 65º, unless otherwise noted. Scintag provides DMSNT 
software4 to control and monitor the collection of data. 
 This particular technique is very useful as a fingerprint in phase identification. 
Every crystalline material possesses a unique finger print which allows for it to be 
identified. The Joint Committee on Powder Diffraction Standards, (JCPDS), Swarthmore, 
USA5 was used to compare the powder diffraction data obtained with known materials. 
When the powder patterns obtained did not match known data, they were compared to 
calculated diffraction data from prior research in the group. The PCW6 program was used 
to generate a calculated powder diffraction pattern based on single crystal X-ray 
diffraction (SXRD) data.     
 
Single Crystal X-ray Diffraction 
 Crystals are mounted onto a glass fiber with epoxy after being carefully selected 
via optical microscope. SXRD methods provide a means for structure analysis resulting 
in the determination of atomic positions, inter-atomic distances, bond angles, 
coordination environments, vibrational motion, torsion angles, and planarity. A Rigaku 
AFC8S four-circle diffractometer and mercury CCD detector with monochromatic Mo 
Kα (λ = 0.71073 Å) radiation was used for the entire set of experiments. The crystal to 
detector distance was set at 27.9 mm. Data was collected at room temperature. 
Crystalclear software7 by MSC (Molecular Structure Corporation) was used to collect 
data up to a reciprocal resolution of (sinθ/λ)max = 0.69Å-1. Each frame was recorded as an 
ω scan of 0.5º with an X-ray exposure time dependant upon the diffraction quality of the 
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crystal. A separate scan was recorded to cover a blind area of the reciprocal space close 
to the spindle axis of the first scan. A total of 480 frames were collected. Each frame was 
recorded twice to eliminate ‘zinger’ spots from cosmic radiation. Data acquisition took 
anywhere from 2.5 to 8 hours depending on the size of the unit cell, the quality of the 
single crystal, and the intensity of diffraction peaks, just to name a few. The final unit cell 
parameters were refined after integration using all observed reflections. The observed 
reflections were corrected for Lorentz and polarization effects. Data reduction, intensity 
analysis, and space group determination were accomplished with the Crystalclear  
program. The atomic coordinates for heavy atoms were found using the SHELXTL 
program8. Atomic coordinates for the light atoms, such as oxygen, were determined from 
a difference map. The structure and thermal parameters were refined by least-squares, 
full-matrix methods. All atoms were refined anisotropically.   
 
Magnetic Susceptibility Measurements 
 Magnetic susceptibility of selected single crystals and powder samples were 
measured by using a SQUID (Superconducting Quantum Interference Device) MPMS-5S 
magnetometer by Quantum Design. Sample weight ranged from 2-5 mg. Measurements 
were performed in the temperature range 2-300 K in a selected magnetic field H = 100, 
500, 1000 Oe. Samples were placed inside a gelatin capsule, which was suspended in a 
plastic drinking straw attached to the sample translator drive. The temperature 
dependence of the susceptibility of the container was previously determined and its 
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contributions were taken into account in data manipulation. Magnetic susceptibility data 
were also corrected for core diamagnetism.9 
 
UV-vis Diffuse Reflectance Spectroscopy 
 Optical absorption spectra were obtained on a PC-controlled SHIMADZU UV-
3101 UV/Vis/near-IR spectrophotometer equipped with an integrating sphere. BaSO4 
powder was used as a reflectance standard. Samples were ground into a powder and then 
smeared onto BaSO4 powder. Absorption spectra were collected over a range of 200-
2500 nm. Optical data was collected in Reflectance (R%) mode and manually converted 
to absorbance (α/s) by the relationship A = α/S = (1-R%/100)2/2(R%) which is referred to 
as the Kubelka-Munk function10 where α is the absorption coefficient and S is the 
scattering coefficient.   
 
Electron Microscopy Analysis 
 Crystals were selected based on their quality and placed onto a sample holder 
which is made of carbon. Qualitative elemental analysis on single crystals was performed 
using a JOEL JSM-IC 848 scanning microscope with a Princeton Gamma Tech PRISM 
digital spectrometer. EDX (Energy Dispersive X-ray) provides support for the SXRD 
crystal structure solution allowing for conformation of the elemental composition.  
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CHAPTER THREE 
SYNTHESIS AND STRUCTRUAL CHARACTERIZATION OF Ag3Mn(VO4)2 
 
Introduction 
 
 Silver vanadate (SVO) materials originally appeared in 1930 by the work of 
Britton and Robinson.1 They performed titrations on aqueous silver nitrate with sodium 
vanadate solutions. In the course of their work they discovered various Ag:V ratios. 3:1 
and 1:1 precipitated as orange crystals while 2:1 precipitated as yellow in color. The 
concept of SVO materials being utilized in lithium batteries does not occur for another 50 
years. A silver manganese oxide has been recently described by Koriche et al.2 They 
describe a delafossite (A+M3+O2) containing silver and manganese with the formula 
AgMnO2. The concept of combining these two ideas into silver manganese vanadates is 
unique to this thesis research in finding new cathode materials with multiple redox 
centers; hence extended capacity. 
 We have been successful in recent synthesis of silver iron vanadates. The 
electrochemistry shows that Ag3Fe(VO4)2 possesses two reduction plateaus in the open 
current voltage (OCV), one at 3.1 V and the second at 2.3 V. The initial examination 
suggests that the difference in the reduction events is attributed to different coordination 
around the two silver cations.3 Two silver atoms exist within this structure and adopt 
different coordinations. One being five and the other four coordinate. The more 
electronegative anions around the metals the easier it is to reduce that metal.11 
AgFeV2O7.3 The discovery of Ag3Fe(VO4)2, as well as AgFeV2O7 that shows a single 
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reduction plateau occurring at 2.5 V, has led us to expand our exploratory synthesis into 
different first-row transition metals, such as manganese in this study.  
 Manganese is slightly larger than iron in size and may lead to a slightly larger 
open-framework space allowing easier and possibly more intercalation of lithium into the 
structure. It also has a higher theoretical reduction potential at 4.5 V. Mn3+ is d4 which 
displays Jahn-Teller distortion that is considered to be a negative attribute due to some 
materials exhibiting phase changes upon heating and cooling.4 The lengthening of Mn-O 
bonds may be beneficial to the increase in potential by weakening the Mn-O bond due to 
an inductive effect caused by V5+-O bond, which pulls electron density from the Mn-O 
bond. This causes the lowering of the eg* MO creating a larger potential vs. the Fermi 
level of Li metal.5 This chapter describes the synthesis and characterization of 
Ag3Mn(VO4)2 and its potential to be used as a positive electrode material. 
 
Synthesis 
Chemicals 
All reactants were used as is from the manufacturer. Mn2O3 (99%, Aldrich), Ag2O 
(99+%, Aldrich), V2O5 (99.6%, Aldrich), were all stored in a nitrogen-purged glovebox. 
Ag2O decomposes at 300 ºC into silver metal and gaseous oxygen. This is important 
because gaseous oxygen can cause the fused-silica tube to break during the heating 
process. 
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Preparations 
 Single crystals of Ag3Mn(VO4)2 were grown in a fused silica ampoule. The 
reactants were ground in appropriate stoichoimetric quantities in a nitrogen-purged 
glovebox6 then sealed under vacuum with a propane torch. The charged ampoule was 
heated very slowly to 300 °C at a rate of 0.1 °C/min and allowed to soak for a period of 6 
hours. Then the reaction is further heated to 600 °C and soaked for 72 h then cooled at a 
rate of 0.1 °C/min to 300 °C at which then the reaction is allowed to furnace cool to room 
temperature.  
  
Characterization  
Single Crystal X-ray Diffraction 
 A red plate-like shaped crystal with approximate dimensions 0.16 x 0.25 x 0.42 
mm was mounted on a glass fiber for X-ray diffraction study. Crystallographic data is 
summarized in Tables 3.1-3.5. Data was collected on a Rigaku AFC8S four circle 
diffractometer emitting graphite monochromatic Mo Kα radiation (λ = 0.71073 Å). The 
unit cell dimensions were determined from a set of four frames taken at equal intervals of 
90° in ω using a 1D Fourier algorithm. An empirical absorption correction was applied 
using REQABS program8 within the CrystalClear software9 package. The software also 
corrects for Lorentz and polarization effects. The structure was solved via direct methods 
and refined on F2 using least-squares, full matrix techniques. After the structure was 
solved, the symmetry of the solution was checked using PLATON software.10 All atoms 
were allowed to refine anisotropically. The positional and thermal parameters for the title 
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compound are shown in Tables 3.2 and Table 3.3. The bond distances and angles are in 
Tables 3.4 and 3.5. 
 
Energy Dispersive X-ray (Elemental Analysis) 
 Crystals were selected based on their quality and placed onto a sample holder 
which is lined with carbon tape. Qualitative elemental analysis on single crystals was 
performed using a JOEL JSM-IC 848 scanning microscope with a Princeton Gamma 
Tech PRISM digital spectrometer. 
  
Structure 
 Ag3Mn(VO4)2 is characterized as a layered compound with respect to the 
manganese vanadate covalent framework that runs along the ab plane of the structure 
(Figure 3.1). The manganese cation is coordinated with six oxygen anions in MnO6 that 
form an octahedron, while vanadium in VO4 tetrahedral coordination. The MnO6 
octahedra share vertex oxygen atoms with VO4 units. As shown in Figure 3.2, these 
polyhedra are interlinked in an alternating fashion to form the Mn(VO4)23- slab. The 
silver cations reside in between the parallel Mn(VO4)23- slabs to balance the charge 
derived from the covalent layers. 
 There are two crystallographic silver atoms that possess different coordination 
geometries. Ag1 is in a distorted tetrahedral coordination while Ag2 is in a distorted 
octahedral coordination. The first is coordinated to four oxygen atoms with bond 
distances ranging from 2.290(5) Å- 2.495(5) Å, which is in relative range of a four 
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coordinated silver ion to oxygen, 2.35 Å, according to Shannon.7 The second silver atom 
is coordinated to six oxygen atoms with bond distances ranging from 2.349(5) Å to 
2.679(5) Å. The distortion of the silver octahedral is similar to the distortion of the 
manganese octahedral coordination. As shown in Figures 3.3 and 3.4, they both have 
long axial bonds to oxygen with compressed bonds to oxygen around the equatorial 
portions of the octahedral. This is not uncommon for manganese because it is d4 which is 
expected to exhibit Jahn-Teller distortion.4  
 The structure of Ag3Mn(VO4)2 is closely related to that of Ag3Fe(VO4)2, see 
Figure 3.5.3 They both crystallize in monoclinic system (Table 3.6), where Ag3Mn(VO4)2 
crystallizes in the P 21/c (no. 14) space group where as Ag3Fe(VO4)2 crystallizes in the C 
2/m (no. 12) space group. The unit cells are compared in the following fashion: 2 × aMn = 
cFe, bMn = bFe, cMn = aFe, and 2 × VMn = VFe. Manganese is larger then iron in crystal radii 
thus giving rise to a larger unit cell along b. The other two corresponding axes present an 
opposite trend, however. This difference can be attributed to the fact that manganese 
exhibits Jahn-Teller distortion where as the iron octahedral is near ideal. Nevertheless, 
the overall unit cell size in terms of volume, the Mn analog has a larger volume than Fe. 
It should also be noted that, because of the Jahn-Teller distortion, the resulting lattice 
along the MnO6 octahedral slab (a axis) is doubled compared to the corresponding 
direction (c) in the Fe analog. 
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Table 3.1 Crystallographic Data for Ag3Mn(VO4)2 
Chemical formula Ag3Mn(VO4)2 
Crystal color, shape Red, thick plate 
Crystal size (mm) 0.16 x 0.25 x 0.42 
Formula weight (amu) 608.43 
Space group P 21/c (No.14) 
a, (Å) 7.065(1) 
b, (Å) 5.362(1) 
c, (Å) 9.513(2) 
β, (°) 90.71(3) 
V, (Å3) 360.3(1) 
Z 2 
ρ calcd, g/cm3 5.607 
Linear abs. coeff., mm-1 12.187 
F000 552 
T, (K) of data collection 300(2) 
Reflections collected 3205 
Reflections unique 729 
Rint /Rsigmaa 0.0324/ 0.1022 
Data / Restraints / Parameters refined  729/ 0 / 67 
Final R1/wR2b/goodness of fit (all data) 0.0400/ 0.1135 / 0.866 
Largest difference peak /hole(e- / Å3 ) 0.954 / -1.673 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ]; Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ];  
b R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2)2] / [Σw(Fo)2)2]}1/2;  
  w = 1 / [σ2(FO2) + (0.0693 P)2 + 51.3112 P] where P = (FO2 + 2FC2)/3. 
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Table 3.2 Atomic Coordinates and Equivalent Displacement Parameters for 
Ag3Mn(VO4)2. 
Atom Wyckoff 
Notation 
SOF x y z Uisoa 
Ag1 4e 1.0  0.7545(1)   0.0098(1)   0.6405(1)   0.019(1)  
Ag2 2a 1.0  1.0000     -0.5000     0.5000     0.025(1) 
Mn1 2b 1.0  0.7274(2)  -0.274(2)  0.3159(1)  0.010(1) 
V1 4e 1.0  0.5000      0.5000     0.5000     0.010(1) 
O1 4e 1.0  0.7047(6)  -0.0677(9)  0.1287(5)  0.015(1) 
O2 4e 1.0  0.5525(6)  -0.2039(8)  0.3963(5)  0.017(1) 
O3 4e 1.0  0.9381(6)  -0.1445(9)  0.3627(5)  0.023(1) 
O4 4e 1.0  0.7094(6)   0.2729(8)  0.3695(5)  0.018(1) 
a Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor. 
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Table 3.3 Anisotropic Thermal Parameters (Å2)a for Ag3Mn(VO4)2 
Atom 
U11            U22            U33         U23         U13         U12  
Ag1 0.019(1) 0.016(1) 0.022(1) -0.002(1) -0.001(1) -0.001(1) 
Ag2 0.017(1) 0.026(1) 0.031(1) 0.011(1)  0.006(1)  0.005(1) 
Mn1 0.011(1) 0.011(1)  0.009(1)  0.001(1)  0.000(1)  0.000(1) 
V1 0.011(1)  0.009(1) 0.010(1)  0.002(1) -0.001(1) -0.002(1) 
O1 0.015(2) 0.016(2) 0.015(2)  0.000(2) -0.004(2)  0.004(2) 
O2 0.019(2) 0.014(2) 0.018(2)  0.003(2)  0.003(2)  0.001(2) 
O3 0.024(2) 0.022(2) 0.024(3)  0.004(2) -0.005(2) -0.002(2) 
O4 0.022(2) 0.015(2) 0.017(2) -0.001(2)  0.001(2) -0.002(2) 
a The anisotropic temperature factor expression is exp [-2π2( U11a2h2 + …+ 2 U12a* 
b*hk+ …)]. 
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Table 3.4 Selected bond distances (Å)a for Ag3Mn(VO4)2 
Ag(1)-O(3)#1  
Ag(1)-O(1)#2  
Ag(1)-O(2)#3  
Ag(1)-O(4)#4  
Ag(1)-V(1)#2  
Ag(1)-V(1)    
Ag(1)-V(1)#4  
Ag(2)-O(3)    
Ag(2)-O(3)#5  
Ag(2)-O(1)#6  
Ag(2)-O(1)#2  
V(1)-O(3)     
V(1)-O(4)     
V(1)-O(2)     
V(1)-O(1)     
2.290(5)  
2.399(5)  
2.427(4)  
2.495(5)  
3.0852(1) 
3.0980(1) 
3.2457(1) 
2.349(5)  
2.349(5)  
2.459(5)  
2.459(5)  
1.671(5)  
1.695(5)  
1.741(4)  
1.799(5)  
V(1)-Ag(1)#7  
V(1)-Ag(1)#8  
Mn(4)-O(2)#9  
Mn(4)-O(2)#3  
Mn(4)-O(1)#10 
Mn(4)-O(1)#4 
Mn(4)-O(4)   
Mn(4)-O(4)#1 
O(1)-Mn(4)#1 
O(1)-Ag(1)#7 
O(1)-Ag(2)#1 
O(2)-Mn(4)#1 
O(2)-Ag(1)#3 
O(3)-Ag(1)#1 
O(4)-Ag(1)#8 
3.0852(1) 
3.2457(1) 
1.908(4)  
1.908(4)  
1.918(4) 
1.918(4) 
2.293(4) 
2.293(4) 
1.918(4) 
2.399(5) 
2.459(5) 
1.908(4) 
2.427(4) 
2.290(5) 
2.495(5) 
a
 Symmetry transformations used to generate equivalent atoms:  
#1 -x+2,-y,-z+1                #2 x,-y-1/2,z+1/2      
#3 -x+1,-y,-z+1                #4 x,-y+1/2,z+1/2      
#5 -x+2,-y-1,-z+1            #6 -x+2,y-1/2,-z+1/2      
#7 x,-y-1/2,z-1/2              #8 x,-y+1/2,z-1/2      
#9 x,y+1,z                       #10 -x+1,y+1/2,-z+1/2      
#11 -x+1,-y+1,-z+1         #12 -x+1,y-1/2,-z+1/2      
#13 -x+2,y+1/2,-z+1/2    #14 x,y-1,z      
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Table 3.5 Selected Bond Angles (deg) for Ag3Mn(VO4)2 
O(3)#1-Ag(1)-O(1)#2 
O(3)#1-Ag(1)-O(2)#3 
O(1)#2-Ag(1)-O(2)#3 
O(3)#1-Ag(1)-O(4)#4 
O(1)#2-Ag(1)-O(4)#4 
O(2)#3-Ag(1)-O(4)#4 
O(3)#1-Ag(1)-V(1)#2 
O(1)#2-Ag(1)-V(1)#2 
O(2)#3-Ag(1)-V(1)#2 
O(4)#4-Ag(1)-V(1)#2 
O(3)#1-Ag(1)-V(1)   
O(1)#2-Ag(1)-V(1)   
O(2)#3-Ag(1)-V(1)   
O(4)#4-Ag(1)-V(1)   
V(1)#2-Ag(1)-V(1)   
O(3)#1-Ag(1)-V(1)#4 
O(1)#2-Ag(1)-V(1)#4 
O(2)#3-Ag(1)-V(1)#4 
O(4)#4-Ag(1)-V(1)#4 
V(1)#2-Ag(1)-V(1)#4 
116.7(2)  
135.1(2)  
106.6(2)  
 89.7(2)  
118.8(2)  
 78.5(2)  
109.6(1)  
 35.5(1)  
112.1(1)  
 84.8(1)  
 93.1(1)  
 83.2(1)  
 80.7(1)  
153.3(1)  
118.80(3)  
 78.4(1)  
149.2(1)  
 69.4(1)  
 30.97(1)  
115.75(4) 
V(1)-Ag(1)-V(1)#4  
O(3)-Ag(2)-O(3)#5 
O(3)-Ag(2)-O(1)#6   
O(3)#5-Ag(2)-O(1)#6 
O(3)-Ag(2)-O(1)#2   
O(3)#5-Ag(2)-O(1)#2 
O(1)#6-Ag(2)-O(1)#2 
O(3)-V(1)-O(4)      
O(3)-V(1)-O(2)      
O(4)-V(1)-O(2)      
O(3)-V(1)-O(1)      
O(4)-V(1)-O(1)      
O(2)-V(1)-O(1)      
O(3)-V(1)-Ag(1)#7   
O(4)-V(1)-Ag(1)#7   
O(2)-V(1)-Ag(1)#7   
O(1)-V(1)-Ag(1)#7   
O(3)-V(1)-Ag(1)     
O(4)-V(1)-Ag(1)     
O(2)-V(1)-Ag(1) 
124.35(3) 
180.0 
89.7(2) 
 90.2(2) 
 90.2(2) 
 89.7(2) 
180.0  
110.3(2)  
108.3(2)  
109.1(2)  
106.7(2)  
113.9(2)  
108.3(2)  
 76.6(2) 
164.7(2) 
 80.2(2) 
 50.9(2) 
 73.4(2) 
 69.0(2) 
 68.4(2) 
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Table 3.5 (Continued) Selected Bond Angles (deg) for Ag3Mn(VO4)2 
O(1)-V(1)-Ag(1)        
Ag(1)#7-V(1)-Ag(1)     
O(3)-V(1)-Ag(1)#8      
O(4)-V(1)-Ag(1)#8      
O(2)-V(1)-Ag(1)#8      
O(1)-V(1)-Ag(1)#8      
Ag(1)#7-V(1)-Ag(1)#8   
Ag(1)-V(1)-Ag(1)#8     
O(2)#9-Mn(4)-O(2)#3    
O(2)#9-Mn(4)-O(1)#10   
O(2)#3-Mn(4)-O(1)#10   
O(2)#9-Mn(4)-O(1)#4    
O(2)#3-Mn(4)-O(1)#4    
O(1)#10-Mn(4)-O(1)#4   
O(2)#9-Mn(4)-O(4)      
O(2)#3-Mn(4)-O(4)      
O(1)#10-Mn(4)-O(4)     
O(1)#4-Mn(4)-O(4)      
O(2)#9-Mn(4)-O(4)#11   
O(2)#3-Mn(4)-O(4)#11   
176.4(2) 
126.13(4)  
113.6(2) 
 49.2(2) 
137.5(2) 
 66.3(2) 
115.75(4)  
117.01(4)  
180.0  
 88.7(2)  
 91.3(2)  
 91.3(2)  
 88.7(2)  
180.000(1) 
 91.7(2) 
 88.2(2) 
 92.3(18) 
 87.70(2) 
 88.2(2) 
 91.7(2) 
 O(1)#10-Mn(4)-O(4)#11  
O(1)#4-Mn(4)-O(4)#11   
O(4)-Mn(4)-O(4)#11     
V(1)-O(1)-Mn(4)#12     
V(1)-O(1)-Ag(1)#7      
Mn(4)#12-O(1)-Ag(1)#7  
V(1)-O(1)-Ag(2)#13     
Mn(4)#12-O(1)-Ag(2)#13 
Ag(1)#7-O(1)-Ag(2)#13  
V(1)-O(2)-Mn(4)#14     
V(1)-O(2)-Ag(1)#3      
Mn(4)#14-O(2)-Ag(1)#3  
V(1)-O(3)-Ag(1)#1      
V(1)-O(3)-Ag(2)        
Ag(1)#1-O(3)-Ag(2)     
V(1)-O(4)-Mn(4)        
V(1)-O(4)-Ag(1)#8      
Mn(4)-O(4)-Ag(1)#8     
87.7(2) 
 92.3(2) 
180.000(1) 
131.8(2)  
 93.5(2) 
109.0(2)  
114.2(2)  
107.0(2)  
 92.5(2) 
145.4(3)  
110.0(2)  
104.6(2) 
136.1(3)  
127.8(2)  
 95.3(2) 
136.0(2)  
 99.8(2)  
108.3(2) 
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Table 3.6 Comparison of cell dimensions between Ag3Mn(VO4)2 and Ag3Fe(VO4)2. 
Unit Cell Parameters Ag3Mn(VO4)2 Ag3Fe(VO4)2 
Space Group P21/c (No.14) C2/c (no. 15) 
a(Å) 7.065(1) 9.771(2) 
b(Å) 5.362(1) 5.153(1) 
c(Å) 9.513(2) 14.325(3) 
β(º) 90.71(3) 93.85(3) 
V(Å3) 360.3(1) 719.7(2) 
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Furthermore, as can be seen in Figure 3.2, the manganese octahedra are distorted thus 
alternating in arrangement in different columns. This allows oxygen to be staggered 
resulting in a closer packing. In the iron case, the octahedra are near perfect thus no 
alternation is required resulting in oxygen being more closely packed and giving rise to a 
repulsion, which in turn stretches the c axis. Because the covalent framework alternates 
(Figure 3.5), silver is packed differently resulting in a longer c axis which gives rise to a 
doubling in the repeating unit of the iron version of the compound.  
   
Discussion 
 The title compound has potential to be used as a cathode material for lithium 
batteries because it is a layered structure, as are many vanadates, which allows facial 
lithium transport in the structure. There are four metals (three silver Ag+ ions and one 
manganese Mn3+ ion) that can potentially be reduced at a voltage at or above 3 V (vs. 
Li/Li+) giving rise to an extended capacity. The theoretical capacity is 176 mAh/g (4 Li 
atoms) taking into the account of 3 Ag+/Ag0 and 1 Mn3+/Mn2+ couples. The reduction of 
V5+/V4+ can potentially further extend the capacity, however, due to the nature of 
vanadium being in a tetrahedral coordination, its reduction potential will fall below the 
desired voltage. Vanadium would have to undergo a coordination change to octahedral 
coordination in order for the reduction from 5+ to 4+ to occur above the 3 V potential. 
Even with silver and manganese only providing reduction potentials above the goal of 3 
V this material displays opportunities and a direction for the new cathode materials.  
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 In order to increase the cell potential a more electronegative anion can be used in 
place of some of the oxygen such as fluorine. Initially sulfides were used but the voltages 
produced by these materials were not large enough for application purposes.11 The 
implementation of oxides was along with fluorides which is more electronegative was 
exploited and research for these materials is ongoing. Poeppelmeier and coworkers have 
been successful in implementing this with the discovery of Ag4V2O6F2.12  
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Figure 3.1 The Ag3Mn(VO4)2 structure viewed along the b axis.   
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Figure 3.2 The Ag3Mn(VO4)2 structure viewed along the c axis. The MnO6 octahedra in 
the Mn(VO4)23- slabs are highlighted in blue for clarity. 
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Figure 3.3 Manganese octahedral displaying the Jahn-Teller distortion along the z axis. 
Vanadium (yellow) is connected to the oxygen atoms (red) to show how the manganese 
octahedral is isolated.  
 
 
 
 
1.741(4) Å 
1.695(5) Å 
1.799(5) Å 
1.741(4) Å  
1.695(5) Å 
1.799(5) Å 2.293(4) Å 
1.908(4) Å 1.908(4) Å 
1.918(4) Å 
2.293(4) Å 
1.918(4) Å 
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Figure 3.4 Silver coordination showing their geometries with Ag1 possessing a distorted 
tetrahedral coordination while Ag2 exhibits a distorted octahedral coordination. 
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Figure 3.5 A perspective view of Ag3Fe(VO4)2 for comparison with the Ag3Mn(VO4)2 
structure.  
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Figure 3.6 EDX data showing the relative amounts of silver, manganese, vanadium, and 
oxygen within Ag3Mn(VO4)2 
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Conclusion 
 The title compound shows potential to be used as a cathode material. Further 
battery testing should be studied in order to determine the experimental capacity at which 
this material would operate. The fact that manganese is in a 3+ oxidation state allows for 
the reduction to 2+ to occur at above the targeted 3 V goal. The structure is layered 
allowing a pathway for Li+ to enter the material and with silver being the approximate 
size of sodium, there is room for its intercalation. Silver (1.15 Å)6 is approximately the 
size of sodium (1.06 Å)6 which can lead to new studies centered around sodium 
conductivity and battery applications associated thereof. Electrochemical testing was not 
carried out due to difficulties incurred in high yield reactions of this product. 
The addition of fluorine to this material may increase the coordination of 
vanadium allowing it to contribute to the overall capacity above 3 V. Further studies on 
this need to be performed in order to understand the influence of fluorine within this 
system as adding a more electronegative element along with oxygen will allow higher 
voltages to be obtained.  
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CHAPTER FOUR 
SYNTHESIS AND STRUCTRUAL CHARACTERIZATION OF AgMn2V3O10 
 
Introduction 
 
 Positive electrode materials that provide reduction potentials above 3 V have been 
long sought after in the medical industry. High energy density devices are highly 
researched with much emphasis towards implantable cardioverter defibrillators (ICD’s). 
ICD’s require materials that can provide a pulse up to 35 J to the heart and allow the 
shortest possible capacitor recharge time.1 However not all applications within the 
medical industry require such high power batteries. Hearing aid devices can utilize low 
power batteries. Capacities required for this application can be minimal (<10 mAh).2 
 With the advancement in technologies such as ICD’s, a greater demand for high 
power, large energy density batteries has caused much interest in positive electrode 
materials for both lithium primary batteries as well as secondary lithium ion cells. SVO 
showed potential as a cathode material with the inception of Ag2V4O11. With a theoretical 
specific capacity of 315 mAh/g,3 this material has sparked interest in silver containing 
materials. 
 Silver provides a higher potential then other metals thus its incorporation is useful 
when attempting to synthesize positive electrode materials with high voltages. Along 
with silver the incorporation of second transition metal can provide extra redox potential 
for these materials. By having more than a single reducible cation the capacity of the 
material increases above that of V5+/V4+ redox couple (ca. 2V). 
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 This silver manganese(II) vanadates is the second of the two silver vanadate based 
compounds that contain multiple redox centers reported in this thesis. In the absence of 
battery testing, the synthesis, structural features pertinent to application as a cathode 
material for use as low power applications will be discussed. 
 
Synthesis 
Chemicals 
 See chapter two for a detailed list of reactants. 
Preparations 
 Single crystals of AgMn2V3O10 were grown in a fused silica ampoule with no 
carbon coating. The reactants were ground in appropriate stoichoimetric quantities within 
a nitrogen-purged glovebox4 then sealed under vacuum with a propane torch. The 
charged ampoule was heated slowly to 300 °C at a rate of 0.1 °C/min and allowed to soak 
for a period of 6 h. Then the reaction is further heated to 600 °C and soaked for 72 hours 
then cooled at a rate of 0.1 °C/min to 300 °C at which then the reaction is allowed to 
furnace cool to room temperature.  
 High-yield synthesis was carried out using the above chemicals in the appropriate 
stoichiometry in an open system. The reactants were ground up in an agate mortar in a 
nitrogen purged glove-box and then loaded into a fused silica ampoule. The reaction 
mixtures were then heated in an open silica tube and then heated very slowly at 0.1 °/min 
to 300 °C and soaked for a period of 6 hours then cooled to room temperature at a rate of 
1 °/min. The products were reground and the reheated to a temperature of 600 °C for 12 h 
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then cooled at a rate of 1 °/min to room temperature followed by another regrinding and 
reheating to 600 °C for 12 h and cooled to room temperature. 
 
Characterization 
Single Crystal X-ray Diffraction 
 A red, block-shaped crystal with approximate dimensions 0.27 x 0.27 x 0.47 mm3 
was mounted on a glass fiber for X-ray diffraction study. Crystallographic data is 
summarized in Table 4.1 (general crystal data), Table 4.2 (atomic positions), Table 4.3 
(anisotropic thermal parameters), Table 4.4 (selected bond distances), and Table 4.5 
(selected bond angles). Data was collected on a Rigaku AFC8S four circle diffractometer 
emitting graphite monochromatic Mo Kα radiation (λ = 0.71073 Å). The unit cell 
dimensions were determined from a set of four frames taken at equal intervals of 90° in ω 
using a 1D Fourier algorithm. An empirical absorption correction was applied using 
REQABS5 program within the CrystalClear6 software package. The software also corrects 
for Lorentz and polarization effects. The structure was solved via direct methods and 
refined on F2 using least-squares, full-matrix techniques. After the structure was solved, 
the symmetry of the solution was checked using PLATON.8 All atoms were allowed to 
refine anisotropically.  
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Energy Dispersive X-ray (Elemental Analysis) 
 Crystals were selected based on their quality and placed onto a sample holder that 
is lined with carbon tape. Qualitative elemental analysis on single crystals was performed 
using a JOEL JSM-IC 848 scanning microscope with a Princeton Gamma Tech PRISM 
digital spectrometer.  
 
Structure 
 The structure of AgMn2V3O10 possesses a one-dimensional channel parallel to the 
c axis. A crystallographically unique silver resides within the channel (Figure 4.1). The 
covalent network is characterized by MnO6 octahedra linked via V3O10 units. The 
manganese octahedral units have bond distances ranging from 2.118(5) Å to 2.219(5) Å 
for Mn1 and 2.089(5) Å to 2.243(5) Å for Mn2. These distances are comparable with 
2.18 Å, the sum of Shannon crystal radii of six-coordinate Mn2+ (0.97 Å) and O2- (1.21 
Å).5 The vanadium tetrahedra have bond distances that range from 1.646 Å to 1.859 Å. 
The MnO6 octahedra are linked to each other via edge sharing resulting in tetrameric 
units (Figure 4.2) with a Mn1-Mn2 distance of 3.294(5) Å and Mn2-Mn2 3.362(5) Å. 
These tetramers are linked together by V3O10 units that isolate the manganese tetramers 
forming an extended network and can be seen in Figure 4.3. The V3O10 unit is made of 
three corner shared VO4 in a linear fashion. Silver is coordinated by oxygen with 
distances ranging from 2.393 Å to 2.897 Å and can be seen in Figure 4.4. Possible higher 
symmetry was searched for using the PLATON software8, yet resulted in remaining in P-
1. 
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Table 4.1 Crystallographic Data for AgMn2V3O10 
Chemical formula AgMn2V3O10 
Crystal color, shape Red, block 
Crystal size (mm) 0.27 x 0.27 x 0.47 
Formula weight (amu) 530.5628 
Space group P-1 (No. 2) 
a, (Å) 6.853(1) 
b, (Å) 6.871(1) 
c, (Å) 9.671(2) 
α, (°) 99.40(3) 
β, (°) 104.14(3) 
γ, (°) 101.48(3) 
V, (Å3) 421.97(2) 
Z 4 
ρ calcd, g/cm3 3.616 
Linear abs. coeff., mm-1 9.491 
F000 412 
T, (K) of data collection 300(2) 
Reflections collected 3689 
Reflections unique 1646 
Rint /Rsigmaa 0.0466/ 0.1418 
Parameters refined (restraints) 192(0) 
Final R1/wR2b/goodness of fit (all data) 0.0518/ 0.1496/ 1.217 
Largest difference peak /hole(e- / Å3 ) 3.618/ -3.178 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ]; Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ];  
b R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2)2] / [Σw(Fo)2)2]}1/2;  
  w = 1 / [σ2(FO2) + (0.0693 P)2 + 51.3112 P] where P = (FO2 + 2FC2)/3. 
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Table 4.2 Atomic Coordinates and Equivalent Displacement Parameters for 
AgMn2V3O10. 
Atom Wyckoff 
Notation 
SOF x y z Uisoa 
Ag1 2i 1.0  0.0283(1)  0.6114(1)  0.3433(1) 0.040(1) 
Mn1 2i 1.0 -0.4271(2)  0.2362(1)  0.2967(1) 0.011(1) 
Mn2 2i 1.0 -0.8187(2)  0.2118(1)  0.0126(1) 0.012(1) 
V1 2i 1.0  0.4298(2)  0.2363(2)  0.6204(1) 0.011(1) 
V2 2i 1.0  0.6653(2)  0.2330(2)  0.9528(1) 0.010(1) 
V3 2i 1.0  0.0565(2)  0.1058(2)  0.3185(1) 0.011(1) 
O1 2i 1.0  0.2394(7)  0.2181(7)  0.2450(5) 0.014(1) 
O2 2i 1.0  0.5053(7)  0.2178(7)  1.0625(5) 0.017(1) 
O3 2i 1.0  0. 8631(7)  0.1259(7)  1.0127(5) 0.014(1) 
O4 2i 1.0  0.5206(7)  0.1017(7)  0.7603(5) 0.014(1) 
O5 2i 1.0 -0.1018(8)  0.2615(7)  0.3438(5) 0.016(1) 
O6 2i 1.0  0.3683(8)  0.4451(7)  0.6865(6) 0.018(1) 
O7 2i 1.0 -0.0724(7) -0.1319(7)  0.2202(5) 0.015(1) 
O8 2i 1.0  0.2057(8)  0.0749(7)  0.4919(5) 0.015(1) 
O9 2i 1.0  0.7672(8)  0.4720(7)  0.9550(6) 0.022(1) 
O10 2i 1.0  0.6077(8)  0.2905(8)  0.5320(5) 0.020(1) 
a Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor. 
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Table 4.3 Anisotropic Thermal Parameters (Å2)a for AgMn2V3O10 
Atom 
U11            U22            U33         U23         U13         U12  
Ag1 0.022(1) 0.025(1) 0.071(1) 0.021(1) 0.006(1) 0.004(1) 
Mn1 0.010(1) 0.010(1) 0.012(1)  0.002(1) 0.003(1) 0.002(1) 
Mn2 0.010(1) 0.012(1) 0.012(1)  0.002(1) 0.002(1) 0.002(1) 
V1 0.012(1) 0.010(1) 0.011(1)  0.004(1) 0.003(1) 0.004(1) 
V2 0.010(1) 0.010(1) 0.010(1)  0.002(1) 0.003(1) 0.003(1) 
V3 0.010(1) 0.011(1) 0.012(1)  0.002(1) 0.002(1) 0.003(1) 
O1 0.008(2) 0.016(2) 0.014(2)  0.003(2) 0.000(2) 0.000(2) 
O2 0.011(2) 0.020(2) 0.017(2)  0.003(2) 0.004(2) 0.004(2) 
O3 0.012(2) 0.011(2) 0.017(2) -0.002(2) 0.002(2) 0.003(2) 
O4 0.016(2) 0.015(2) 0.009(2)  0.001(2) 0.001(2) 0.002(2) 
O5 0.019(2) 0.016(2) 0.016(2)  0.005(2) 0.007(2) 0.006(2) 
O6 0.022(3) 0.012(2) 0.022(2)  0.005(2) 0.009(2) 0.005(2) 
O7 0.017(2) 0.016(2) 0.012(2)  0.006(2) 0.003(2) 0.004(2) 
O8 0.018(2) 0.015(2) 0.012(2)  0.004(2) 0.001(2) 0.003(2) 
O9 0.019(3) 0.013(2) 0.031(3)  0.008(2) 0.003(2) 0.002(2) 
O10 0.017(2) 0.024(3) 0.016(2)  0.008(2) 0.002(2) 0.002(2) 
a The anisotropic temperature factor expression is exp [-2π2( U11a2h2 + …+ 2 U12a* b*hk 
+ …)]. 
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Table 4.4 Selected Bond Distances (Å)a for AgMn2V3O10 
Ag(1)-O(5)     
Ag(1)-O(10)#1  
Ag(1)-O(7)#2   
Mn(1)-O(6)#3   
Mn(1)-O(5)     
Mn(1)-O(2)#4   
Mn(1)-O(10)#5  
Mn(1)-O(1)#5   
Mn(1)-O(4)#6   
Mn(2)-O(9)#3   
Mn(2)-O(7)#7   
Mn(2)-O(3)#8   
Mn(2)-O(2)#4   
Mn(2)-O(1)#5   
Mn(2)-O(3)#6   
V(1)-O(6)      
V(1)-O(10)     
V(1)-O(8)      
V(1)-O(4)      
V(2)-O(9) 
2.393(5)  
2.394(5)  
2.403(5)  
2.117(5)  
2.129(5)  
2.176(5)  
2.190(5)  
2.191(5)  
2.219(5)  
2.089(5)  
2.131(5)  
2.144(5)  
2.144(5)  
2.176(5)  
2.244(5)  
1.648(5)  
1.670(5)  
1.753(5)  
1.817(5)  
1.646(5) 
V(2)-O(3)     
V(2)-O(2)     
V(2)-O(4)     
V(3)-O(7)     
V(3)-O(5)     
V(3)-O(1)     
V(3)-O(8)     
O(1)-Mn(2)#9  
O(1)-Mn(1)#9  
O(2)-Mn(2)#10 
O(2)-Mn(1)#10 
O(3)-Mn(2)#11 
O(3)-Mn(2)#6  
O(4)-Mn(1)#6  
O(6)-Mn(1)#3  
O(7)-Mn(2)#7  
O(7)-Ag(1)#12 
O(9)-Mn(2)#3  
O(10)-Mn(1)#9 
O(10)-Ag(1)#1 
1.693(5) 
1.703(4) 
1.859(5) 
1.691(5) 
1.699(5) 
1.704(4) 
1.808(5) 
2.176(5) 
2.191(5) 
2.144(5) 
2.176(5) 
2.144(5) 
2.244(5) 
2.219(5) 
2.117(5) 
2.131(5) 
2.403(5) 
2.089(5) 
2.190(5) 
2.394(5) 
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Table 4.5 Selected Bond Angles (deg) for AgMn2V3O10 
O(5)-Ag(1)-O(10)#1   
O(5)-Ag(1)-O(7)#2    
O(10)#1-Ag(1)-O(7)#2 
O(6)#3-Mn(1)-O(5)    
O(6)#3-Mn(1)-O(2)#4  
O(5)-Mn(1)-O(2)#4    
O(6)#3-Mn(1)-O(10)#5 
O(5)-Mn(1)-O(10)#5   
O(2)#4-Mn(1)-O(10)#5 
O(6)#3-Mn(1)-O(1)#5  
O(5)-Mn(1)-O(1)#5    
O(2)#4-Mn(1)-O(1)#5 
O(10)#5-Mn(1)-O(1)#5  
O(6)#3-Mn(1)-O(4)#6   
O(5)-Mn(1)-O(4)#6     
O(2)#4-Mn(1)-O(4)#6   
O(10)#5-Mn(1)-O(4)#6  
O(1)#5-Mn(1)-O(4)#6   
O(9)#3-Mn(2)-O(7)#7   
O(9)#3-Mn(2)-O(3)#8   
108.2(2) 
139.5(2) 
110.7(2) 
 89.1(2) 
 84.5(2) 
 98.1(2) 
 88.8(2) 
 88.7(2) 
170.4(2) 
 89.3(2) 
178.2(2) 
 80.8(2) 
92.1(2)  
170.0(2)  
 95.7(2)  
 86.1(2)  
 99.8(2)  
 85.6(2)  
 99.3(2)  
101.2(2) 
O(7)#7-Mn(2)-O(3)#8 
O(9)#3-Mn(2)-O(2)#4 
O(7)#7-Mn(2)-O(2)#4 
O(3)#8-Mn(2)-O(2)#4 
O(9)#3-Mn(2)-O(1)#5 
O(7)#7-Mn(2)-O(1)#5 
O(3)#8-Mn(2)-O(1)#5 
O(2)#4-Mn(2)-O(1)#5 
O(9)#3-Mn(2)-O(3)#6 
O(7)#7-Mn(2)-O(3)#6 
O(3)#8-Mn(2)-O(3)#6 
O(2)#4-Mn(2)-O(3)#6 
O(1)#5-Mn(2)-O(3)#6 
O(6)-V(1)-O(10)     
O(6)-V(1)-O(8)      
O(10)-V(1)-O(8)     
O(6)-V(1)-O(4)      
O(10)-V(1)-O(4)     
O(8)-V(1)-O(4)      
O(9)-V(2)-O(3)      
87.4(2) 
 94.1(2)  
104.5(2) 
158.8(2) 
 93.3(2)  
165.3(2) 
 82.7(2) 
 81.8(2) 
177.5(2)  
 82.9(2) 
 80.0(2) 
 84.1(2) 
 84.6(2) 
110.4(3)  
107.6(3)  
107.3(2)  
112.7(2)  
110.2(2)  
108.4(2)  
107.7(2) 
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Table 4.5 (Continued) Selected Bond Angles (deg) for AgMn2V3O10 
O(9)-V(2)-O(2)         
O(3)-V(2)-O(2)         
O(9)-V(2)-O(4)         
O(3)-V(2)-O(4)         
O(2)-V(2)-O(4)         
O(7)-V(3)-O(5)         
O(7)-V(3)-O(1)         
O(5)-V(3)-O(1)         
O(7)-V(3)-O(8)         
O(5)-V(3)-O(8)         
O(1)-V(3)-O(8)         
V(3)-O(1)-Mn(2)#9      
V(3)-O(1)-Mn(1)#9      
Mn(2)#9-O(1)-Mn(1)#9   
V(2)-O(2)-Mn(2)#10     
V(2)-O(2)-Mn(1)#10     
Mn(2)#10-O(2)-Mn(1)#10 
V(2)-O(3)-Mn(2)#11     
V(2)-O(3)-Mn(2)#6      
Mn(2)#11-O(3)-Mn(2)#6 
110.9(3)  
110.0(2)  
107.9(2)  
109.4(2)  
110.9(2)  
113.7(2)  
112.0(2)  
109.8(2)  
106.0(2)  
110.8(2)  
104.1(2)  
123.3(2)  
130.4(3)  
 97.9(2) 
129.4(3)  
130.8(3)  
 99.3(2) 
129.7(3)  
122.6(2)  
100.0(2) 
V(1)-O(4)-V(2)      
V(1)-O(4)-Mn(1)#6   
V(2)-O(4)-Mn(1)#6   
V(3)-O(5)-Mn(1)     
V(3)-O(5)-Ag(1)     
Mn(1)-O(5)-Ag(1)    
V(1)-O(6)-Mn(1)#3   
V(3)-O(7)-Mn(2)#7   
V(3)-O(7)-Ag(1)#12 
Mn(2)#7-O(7)-Ag(1)#12 
V(1)-O(8)-V(3)          
V(2)-O(9)-Mn(2)#3       
V(1)-O(10)-Mn(1)#9      
V(1)-O(10)-Ag(1)#1      
Mn(1)#9-O(10)-Ag(1)#1   
123.1(3)  
118.1(2)  
118.5(2)  
137.3(3)  
116.0(2)  
101.6(2) 
144.2(3)  
124.0(2)  
111.9(2) 
117.4(2) 
130.5(3) 
161.4(3) 
129.8(3) 
121.6(2) 
107.7(2) 
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a
 Symmetry transformations used to generate equivalent atoms:  
 #1 -x+1,-y+1,-z+1    #2 x,y+1,z         #3 -x,-y+1,-z+1      
 #4 x-1,y,z-1              #5 x-1,y,z          #6 -x,-y,-z+1      
 #7 -x-1,-y,-z             #8 x-2,y,z-1       #9 x+1,y,z      
 #10 x+1,y,z+1          #11 x+2,y,z+1   #12 x,y-1,z      
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Discussion 
 The title compound can possibly be used as a cathode material but only silver will 
be reduced from 1+ to silver metal at a possible voltage of 3 V or better. Manganese is in 
the 2+ oxidation state thus it unlikely contributes to the overall reduction potential needed 
for this material to possess an extended capacity at the potential of 3 V or higher. The 
structure is unique in that it possesses a one-dimensional channel along the c axis, where 
as most vanadates are layered structures. The composition is further supported by EDX 
qualitative elemental analysis shown in Figure 4.5. The correct elements are in the 
material with corresponding approximate atomic percentages. This is only qualitative 
because no internal standard for each element was used.  This material can possibly 
undergo ion-exchange with lithium and can be used as a cathode material for lithium ion 
batteries rather than primary batteries. Silver is larger than lithium allowing the potential 
to insert more lithium into the structure due to expanding the structure because of its size. 
In regard to its primary battery opportunity it has a theoretical capacity of 202 mAh/g but 
with silver being the only reducible metal above 3 V. Theoretically, only one lithium 
cation can be inserted into the structure, giving a maximum theoretical capacity of 50.5 
mAh/g. This is very minimal and not acceptable for primary cathode use in such devices 
as ICD’s. A possible solution to this could be to dope another transition metal into the 
manganese cation sites which can be reduced at larger voltages and provide a means of 
stabilizing the structure at elevated temperatures.9 As an example, if Co3+ is doped into 
the structure then this metal will provide a voltage above 3 V. But even with doping Co3+ 
into the structure this will only allow a minimal amount of addition to the capacity. 
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Changing the oxidation state of manganese from 2+ to 3+ will allow silver manganese 
vanadates to provide larger capacities above the 3 V threshold. However this will most 
likely cause a change in structure which may or may not be desired. 
 AgMn2V3O10 can possibly provide usefulness toward the lithium ion battery 
application if silver is exchanged with lithium. This was shown to be possible with the 
exchange of Li+ for Ag+ in LiMnO2 to create AgMnO2.10 In doing so possibly more 
lithium could enter the structure owing to the fact that silver is larger than lithium 
providing the necessary space for it to reside.  
 Though the title compound shows short comings as a potential cathode material it 
might have some interesting magnetic properties owing to its tetramer nature of 
manganese oxide linkages. The fact that the tetramers are isolated via V3O10 units means 
that they can act as individual magnetic domains. 
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Figure 4.1 Perspective view of AgMn2V3O10 along the c axis. 
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Figure 4.2 Manganese octahedra linked together forming a tetramer. 
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Figure 4.3 Manganese tetramer isolated via V3O10 units. 
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Figure 4.4 Silver coordination with respect to oxygen. The bond distances are shown in 
units of Å.  
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Figure 4.5 EDX quantities showing relative amounts of each element. 
 
 
 
 
 
 
 
 
  63 
Conclusions 
 The title compound adopts a channeled structure which runs along the c axis. This 
provides opportunity for the insertion of lithium into this material but due to its low 
theoretical capacity above the 3 V threshold needed for many devices, it will not 
potentially be used as a cathode material for primary lithium batteries. Silver can 
potentially be exchanged for lithium thus providing a source of lithium for application as 
a lithium ion positive electrode material. Electrochemical testing was not carried out due 
to difficulties incurred in high yield reactions of this product. 
 AgMn2V3O10 does possess tetramers isolated via V3O10 units which will provide 
an interesting magnetic study in the future. Because the tetramers are edge sharing the 
manganese atoms are closer than they would be if they were corner sharing. This material 
shows opportunities for magnetic applications which can be studied further in future 
projects. 
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CHAPTER FIVE  
SYNTHESIS, STRUCTRUE AND PHYSICAL PROPERTIES OF COMPOUNDS 
WITH CHANNELED FRAMEWORKS: Cs2Co2O(P2O7), KCrAs2O7, AND RbCrAs2O7 
 
Introduction 
 
Structures that consist of interconnected channels are superior candidates for ion-
exchange, a preliminary parameter used in materials evaluation for battery applications, 
by providing multiple paths for ion transport and conduction.1 More specifically, next 
generation materials for secondary battery applications require the ability of fast (high 
rate) and extensive (high capacity) Li+ transport without the degradation of the material 
during cycling process. Much of this type of work has been employed at lower 
temperatures via hydrothermal methods2. High temperature synthetic techniques provide 
an opportunity to discover thermodynamic rather than kinetic products. An advantage of 
thermodynamic products is that the material will be more feasible for applications at high 
temperatures with improved sustainability than a kinetic product. In this chapter, I will 
present the synthesis, structure, and selected properties of three new compounds that 
exhibit structure features pertinent for future ion-exchange studies. These new 
compounds have channeled structures and their chemical formulae are Cs2Co2O(P2O7), 
KCrAs2O7, and RbCrAs2O7.   
 During the early 1980’s and 1990’s the family of quaternary phosphates of 
chromium with the general formula, ACr(P2O7) (where A = Na, K, and Cs)3 were fist 
synthesized, while RbCr(P2O7) has yet been reported. All three of these reported 
pyrophosphates phases crystallize in the P21/c (no. 14) space group. The arsenic 
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compounds synthesized in this study crystallize in the P-1 (no. 2) space group. Though 
most of the pyrophosphate phases are known, very few pyroarsenates have been reported 
beyond the sodium analogue.3 The title compounds are the first of the heavier alkali 
arsenates in this family of compounds discovered thus far. As for the cobalt phosphate, 
only two cesium cobalt phosphate compounds (CsCoPO4 and Cs2Co(PO3)4) have been 
reported thus far. These two compounds crystallize in the P21/a and P21/c space groups, 
respectively. Cs2Co2O(P2O7) is the first noncentrosymmetric (NCS) compound in this 
series and it adopts the Cm (no.8) NCS space group, one of the ten polar crystal classes.4  
 Furthermore, materials that possess a first row transition metal with an oxyanion 
that has a closed-shell electronic structure facilitate the formation of magnetic insulators. 
Magnetic materials showing quantum effect due to confined nanostructures provide a 
means for storage of data in computers5 and particular interest in materials exhibiting 
quantum tunneling effect is focusing on quantum computing.6  Multiferroic properties 
(magnetism coupled with ferroelectric properties)7 are also attractive in potential 
technological advancement. For that, the essential requirement of materials is the 
existence of a non-centrosymmetric lattice.4 Compounds based on tetrahedral oxyanions 
as a building unit have a potential to crystallize in NCS lattice. A case study will be 
presented in this chapter in terms of the synthesis and structure of Cs2Co2O(P2O7), a NCS 
solid. 
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Synthesis 
Cs2Co2O(P2O7) 
Chemicals 
All reactants were used as is from the manufacturer. CoO (99.999%, Aldrich), 
P4O10 (98+%, Aldrich), CsCl (99.9%, Aldrich), K2CO3 (99.99%, Aldrich), were all stored 
in a nitrogen-purged glovebox.  
Preparations  
All reactants were ground manually for fifteen minutes in an agate mortar inside 
the glove box with the appropriate stoichiometry.  The reactants are then loaded into a 
carbon coated fused silica tube and then placed under a vacuum of 10-6 Torr. After they 
have been evacuated they are then sealed with a propane torch. Then the sealed tubes 
were placed in a furnace and heated to their desired temperature of 775 °C resulting in 
blue single crystals. 
 Stoichiometric synthesis was carries out using the appropriate stoichiometric 
quantities were the reactants were ground in an agate mortar in a nitrogen-purged drybox. 
The mixture was then loaded into silica tubes and left unsealed as Cs2CO3 would 
decompose creating CO2 gas which would cause a sealed tube to burst. Then heated to a 
temperature of 775 °C at a rate of 2 °C/min for a period of 24 h and then reground and 
reheated for another 24 h.  
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ACrAs2O7 (A = K, Rb) 
Chemicals 
All reactants were used as is from the manufacturer. Cr2O3 (99%, Strem Chemicals), 
As2O5 (98+%, Aldrich), CsCl (99.9%, Aldrich), KCl (99.99%, Aldrich), RbCl (99.99%, 
Aldrich) were all stored in a nitrogen-purged glovebox. KCl or RbCl were used 
depending on which compound was desired but not both at the same time. 
Preparations 
All reactants were ground manually for fifteen minutes in an agate mortar inside 
the glove box with ratios in the following equations:   
4Cr2O3 + As2O3 + (KCl/CsCl flux)               KCr(As2O7) 
4Cr2O3 + As2O3 + (RbCl/CsCl flux)               RbCr(As2O7) 
The reactants are then loaded into a carbon coated fused silica tube and then placed under 
a vacuum of 10-6 Torr. After they have been evacuated they are then sealed with a 
propane torch. Then the sealed tubes were placed in a furnace and heated to their desired 
temperature of 800 °C and slowly cooled to room temperature, resulting in green single 
crystals. Both potassium and rubidium versions of this compound are green in color and 
have to be distinguished via SXRD and/or EDX analysis. The source of electropositive 
A-site cation is the reactive molten salt employed.  The Overall yield of the reaction was 
high with left over Cr2O3 powder. 
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Characterization 
Single Crystal X-ray Diffraction 
 Single crystals of all three compounds were selected and mounted on a glass fiber 
for X-ray diffraction study. Crystallographic data is summarized in Tables 5.1-5.14. Data 
was collected on a Rigaku AFC8S four circle diffractometer emitting graphite 
monochromatic Mo Kα radiation (λ = 0.71073 Å) from a rotating anode. The unit cell 
dimensions were determined from a set of four frames taken at equal intervals of 90º in ω 
using a 1D Fourier algorithm. An empirical absorption correction was applied using 
REQABS program9 within the CrystalClear software10 package. The software also 
corrects for Lorentz and polarization effects. The structure was solved via direct methods 
and refined on F2 using least-squares, full-matrix techniques. After the structure was 
solved, the symmetry of the solution was checked using PLATON.11 All atoms were 
allowed to refine anisotropically.  
 
UV-vis Spectroscopy 
 The electronic nature of the title compound was determined using a SHIMADZU 
UV-3101 UV/Vis/near-IR spectrophotometer equipped with an integrating sphere. BaSO4 
powder was used as a reflectance standard. Cs2Co2O(P2O7) was ground into a powder and 
then smeared onto BaSO4 powder within the sample holder. Absorption spectra were 
collected over a range of 200-2500 nm.  The optical data was collected in Reflectance 
(R%) mode and manually converted to absorbance (α/s) by the relationship A = α/S = (1-
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R%/100)2/2(R%) which is referred to as the Kubelka-Munk function12 where α is the 
absorption coefficient and S is the scattering coefficient.   
 
Elemental Analysis (EDX) 
 A selected single crystal with no obvious physical defects was placed on carbon 
tape on aluminum sample holders. Qualitative elemental analysis was obtained using a 
JOEL JSM-IC 848 scanning microscope. The results confirmed the presences of proper 
atoms for each of the compounds discussed within this thesis.  
 
Powder X-ray Diffraction 
 Powder X-ray diffraction patterns were obtained at room temperature from the 
high yield synthesis reaction. Data was collected in the range of 2θ from 5° to 65° on a 
Scintag XDS 2000 θ/θ powder diffractometer.  
 
Magnetic Susceptibility 
 Magnetic susceptibility was measured using a Quantum Design SQUID MPMS-
5S magnetometer. Measurements were carried out in the range of 2 K to 300 K in the 
field of and 100 Oe. Powder from high-yield synthesis was placed in a gel capsule which 
served as a sample holder. The temperature dependence of the susceptibility for the gel 
capsule was corrected in data manipulation. Magnetic susceptibility was corrected for 
core diamagnetism. 
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Structure 
Cs2Co2O(P2O7) crystallizes in a NCS space group in the monoclinic system, Cm 
(no. 8), and is characterized by dimers made of two corner-shared CoO4 tetrahedra that 
are further interlinked via corner sharing with the P2O7 units (Figs. 5.1, 5.2). The channel 
along the b-axis is comprised of a six-membered ring made of edges of three CoO4 and 
three PO4 tetrahedra, as shown in Figure 5.1. The channel along the c-axis is consisting of 
an eight-membered ring comprised of two edges from each of the Co2O7 and P2O7 units, 
and one edge from each of the two CoO4 and two PO4 units (see Fig. 5.2). This gives a 
channel along b with the dimensions of 6-ring window of approximately 7.81 Å and 5.37 
Å between the centers of Co-P and O-O, respectively. The channel along c has the 
respective dimensions of approximately 8.00 Å and 4.55 Å which provide channels with 
an elongated window. Cesium resides within these channels with Cs1 coordinated to 
thirteen oxygen atoms with distances ranging from 3.146(1) Å to 3.63(4) Å. Cs2 is 
coordinated to six oxygen atoms ranging in distances from 2.96(2) Å to 3.65(5) Å.  
Co2O7 dimers are connected to P2O7 units which form a chain that runs along the 
b axis (Fig. 5.3). Three sets of these chains are connected forming a channel that runs 
along the b axis. Cobalt is coordinated with four oxygen atoms with distances ranging 
from 1.645(1) Å to 1.95(2) Å resulting in a distorted tetrahedral. Phosphorous is 
coordinated by four oxygen atoms with distances ranging from 1.51(2) Å to 1.760(2) Å. 
BVS calculations for the oxidation state of Co2+ (3.74) and P5+ (3.72)13 show differences 
in expected oxidation state because there is disorder in the Co and P sites causing an 
average oxidation state of 3.5 which is close to BVS calculations. This is possible 
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considering that the coordination of both cobalt and phosphorous is tetrahedral.  The 
Co:P ratio is set at 50:50 for each site in the final refinement rendering the BVS 
calculations to be deviated from expected values.  
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Table 5.1 Crystallographic Data for Cs2Co2O(P2O7) 
 
Chemical formula Cs2Co2O(P2O7) 
Crystal color, shape Blue, block 
Crystal size (mm) 0.12 x 0.12 x 0.12 
Formula weight (amu) 573.62 
Space group Cm (No. 8) 
a, (Å) 10.739(4) 
b, (Å) 9.187(4) 
c, (Å) 5.482(1) 
β, (°) 120.61(2) 
V, (Å3) 465.5(3) 
Z 2 
ρ calcd, g/cm3 4.092 
Linear abs. coeff., mm-1 11.626 
F000 516 
T, (K) of data collection 300(2) 
Reflections collected 2063 
Reflections unique 829 
Rint /Rsigmaa 0.0294 / 0.0437 
Parameters refined (restraints) 192(0) 
Final R1/wR2b/goodness of fit (all data) 0.0451 / 0.0997 / 0.917 
Largest difference peak /hole(e- / Å3 ) 0.847 / -0.918 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ]; Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ];  
b R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2)2] / [Σw(Fo)2)2]}1/2;  
  w = 1 / [σ2(FO2) + (0.0693 P)2 + 51.3112 P] where P = (FO2 + 2FC2)/3. 
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Table 5.2 Crystallographic Data for KCrAs2O7 
 
Chemical formula KCrAs2O7 
Crystal color, shape Green, block 
Crystal size (mm) 0.45 x 0.45 x 0.69 
Formula weight (amu) 352.94 
Space group P-1 (No. 2) 
a, (Å) 6.308(1) 
b, (Å) 6.421(1) 
c, (Å) 8.178(2) 
α(°) 96.30(3) 
β, (°) 104.20(3) 
γ(°) 103.70(3) 
V, (Å3) 307.0(1) 
Z 3 
ρ calcd, g/cm3 2.953 
Linear abs. coeff., mm-1 11.609 
F000 252 
T, (K) of data collection 300(2) 
Reflections collected 2871 
Reflections unique 1223 
Rint /Rsigmaa 0.0417 / 0.1123 
Parameters refined (restraints) 192(0) 
Final R1/wR2b/goodness of fit (all data) 0.0382 / 0.1077 / 1.017 
Largest difference peak /hole(e- / Å3 ) 3.632 / -0.873 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ]; Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ];  
b R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2)2] / [Σw(Fo)2)2]}1/2;  
  w = 1 / [σ2(FO2) + (0.0693 P)2 + 51.3112 P] where P = (FO2 + 2FC2)/3. 
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Table 5.3 Crystallographic Data for RbCrAs2O7 
 
Chemical formula RbCrAs2O7 
Crystal color, shape Green, block 
Crystal size (mm) 0.45 x 0.45 x 0.69 
Formula weight (amu) 399.31 
Space group P-1 (No. 2) 
a, (Å) 6.312(1) 
b, (Å) 6.421(1) 
c, (Å) 8.177(2) 
α, (°) 96.24(3) 
β, (°) 104.23(3) 
γ, (°) 103.72(3) 
V, (Å3) 307.1(1) 
Z 1 
ρ calcd, g/cm3 2.159 
Linear abs. coeff., mm-1 10.207 
F000 183 
T, (K) of data collection 300(2) 
Reflections collected 2620 
Reflections unique 1072 
Rint /Rsigmaa 0.0669 / 0.0708 
Parameters refined (restraints) 192(0) 
Final R1/wR2b/goodness of fit (all data) 0.0712 / 0.2032 / 1.093 
Largest difference peak /hole(e- / Å3 ) 1.910 / -5.172 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ]; Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ];  
b R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2)2] / [Σw(Fo)2)2]}1/2;  
  w = 1 / [σ2(FO2) + (0.0693 P)2 + 51.3112 P] where P = (FO2 + 2FC2)/3. 
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Table 5.4 Atomic Coordinates and Equivalent Displacement Parameters for 
Cs2Co2O(P2O7) 
Atom Wyckoff 
Notation 
SOF x y z Uisoa 
Cs1 2a 0.5 0.4528(2) 0.5000  0.7725(3)  0.026(1) 
Cs2 2a 0.5 0.3438(2)      0  0.6632(3)  0.033(1) 
Co1 4b 0.5 0.0627(4) 0.3192(5) 0.3823(8) 0.023(1) 
P1 4b 0.5 0.0627(4) 0.3192(5) 0.3823(8) 0.023(1) 
Co2 4b 0.5 0.2363(4) 0.3240(5) 0.0564(7) 0.018(1) 
P2 4b 0.5 0.2363(4) 0.3240(5) 0.0564(7) 0.018(1) 
O1 4b 1.0 0.116(1) 0.254(2)  0.154(4) 0.075(6) 
O2 4b 1.0 0.4140(20) 0.283(3)  0.281(5) 0.108(9) 
O3 4b 1.0 0.187(2) 0.253(2) -0.269(4) 0.100(8) 
O4 4b 0.5 0.980(2) 0.5000      0.415(4) 0.061(6) 
O5 2a 0.5 0.295(2) 0.5000      0.126(5) 0.081(8) 
a Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor. 
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Table 5.5 Anisotropic Thermal Parameters (Å2)a for Cs2Co2O(P2O7) 
Atom 
U11            U22            U33         U23         U13         U12  
Cs1  0.028(1)   0.020(2)  0.030(2)  0 0.015(1)  0 
Cs2  0.037(2)   0.028(2)  0.034(2)  0 0.018(2)  0 
Co1  0.017(2) 0.028(3)  0.024(3) -0.007(2) 0.011(2) -0.004(2) 
P1  0.017(2) 0.028(3)  0.024(3) -0.007(2) 0.011(2) -0.004(2) 
Co2 0.019(3) 0.014(2) 0.018(3) -0.006(2) 0.008(2) -0.001(2) 
P2 0.019(3) 0.014(2) 0.018(3) -0.006(2) 0.008(2) -0.001(2) 
O1  0.068(2)  0.090(2)  0.140(3)  0.10(2) 0.061(2)  0.037(1) 
O2  0.062(1)  0.043(1)  0.130(2)  0.05(2) 0.033(1)  0.025(1) 
O3  0.095(2)  0.092(1)  0.078(2)  -0.067(1) 0.055(2) -0.060(2) 
O4  0.073(2)  0.070(2)  0.020(1)  0     0.025(1)   0  
O5  0.13 (3)  0.270(7)  0.010(2)  0     0.030(2)   0  
a The anisotropic temperature factor expression is exp [-2π2( U11a2h2 + …+ 2 U12a* b*hk 
b*hk+ …)]. 
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Table 5.6 Atomic Coordinates and Equivalent Displacement Parameters for KCrAs2O7 
Atom Wyckoff 
Notation 
SOF x y z Uisoa 
As(1) 2i 1.0  -0.0164(1) 0.2475(1) 0.3335(1) 0.007(1) 
As(2) 2i 1.0   0.3250(1) 0.5334(1) 0.1897(1) 0.007(1) 
Cr(3) 2i 1.0   0.1251(2) 0.3092(2) 0.7745(1) 0.006(1) 
K(4) 1d 0.5   0.5000       0       0    0.030(1) 
K(5) 1f 0.5   0.5000       0    0.5000    0.029(1) 
O(1)  2i 1.0  -0.1879(8) 0.3759(8) 0.2202(6) 0.011(1) 
O(2)  2i 1.0   0.2648(8) 0.3822(8) 0.3486(6) 0.012(1) 
O(3)  2i 1.0  -0.0735(9) 0.0037(8) 0.2185(6) 0.014(1) 
O(4)  2i 1.0  -0.0477(9) 0.2468(8) 0.5302(6) 0.014(1) 
O(5)  2i 1.0   0.2916(8) 0.3492(8) 0.00203(6) 0.012(1) 
O(6)  2i 1.0   0.5878(8) 0.6911(8) 0.2807(6) 0.012(1) 
O(7)  2i 1.0   0.1642(8) 0.7062(8) 0.1686(6) 0.012(1) 
a Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor. 
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Table 5.7 Anisotropic Thermal Parameters (Å2)a for KCrAs2O7 
Atom 
U11            U22            U33         U23         U13         U12  
As(1)  0.008(1)  0.006(1)  0.007(1)   0.001(1)   0.002(1)   0.002(1) 
As(2)  0.006(1)  0.008(1)  0.008(1)   0.001(1)   0.003(1)   0.002(1) 
Cr(3)  0.006(1)  0.006(1)  0.007(1)   0.001(1)   0.002(1)   0.002(1) 
Rb(4)  0.029(1)  0.014(1)  0.032(1)   0.001(1)  -0.015(1)   0.004(1) 
Rb(5)  0.005(1)  0.023(1)  0.046(2)  -0.039(1)   0.020(1)  -0.016(1) 
O(1)   0.012(2)  0.009(2)  0.011(2)   0.005(2)   0.001(2)   0.004(2) 
O(2)   0.009(2)  0.015(2)  0.012(2)   0.008(2)   0.004(2)   0.003(2) 
O(3)   0.021(3)  0.005(2)  0.014(2)   0.001(2)   0.004(2)   0.004(2) 
O(4)   0.014(3)  0.018(3)  0.011(2)   0.004(2)   0.003(2)   0.003(2) 
O(5)   0.015(2)  0.009(2)  0.010(2)  -0.002(2)   0.000(2)   0.004(2) 
O(6)   0.010(2)  0.015(2)  0.013(2)   0.002(2)   0.005(2)   0.003(2) 
O(7)   0.011(2)  0.011(2)  0.017(2)   0.003(2)   0.008(2)   0.006(2) 
a The anisotropic temperature factor expression is exp [-2π2( U11a2h2 + …+ 2 U12a* b*hk 
b*hk+ …)]. 
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Table 5.8 Atomic Coordinates and Equivalent Displacement Parameters for RbCrAs2O7 
Atom Wyckoff 
Notation 
SOF x y z Uisoa 
As(1) 2i 1.0  -0.0165(2)   0.2475(2)  0.3337(2)   0.003(1) 
As(2) 2i 1.0   0.3249(2)   0.5334(2)  0.1897(2)   0.004(1) 
Cr(3) 2i 1.0   0.1246(4)   0.3090(4)  0.7746(3)   0.002(1) 
Rb(4) 1d 1.0   0.5000      0     0      0.094(2) 
Rb(5) 1f 1.0   0.5000      0     0.5000      0.082(2) 
O(1)  2i 1.0  -0.189(2)  0.374(2)  0.219(1)  0.008(2) 
O(2)  2i 1.0   0.264(2)  0.384(2)  0.348(1)  0.006(2) 
O(3)  2i 1.0  -0.073(2)  0.002(2  0.218(1)  0.009(2) 
O(4)  2i 1.0  -0.047(2)  0.245(2)  0.529(1)  0.010(2) 
O(5)  2i 1.0   0.290(2)  0.349(2)  0.0185(1)  0.06(2) 
O(6)  2i 1.0   0.588(2)  0.691(2)  0.279 (1)  0.008(2) 
O(7)  2i 1.0   0.163(2)  0.705(2)  0.169(1)  0.006(2) 
a Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor. 
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Table 5.9 Anisotropic Thermal Parameters (Å2)a for RbCrAs2O7 
Atom 
U11            U22            U33         U23         U13         U12  
As(2)  0.002(1)  0.005(1)  0.004(1)   0(1)   0.002(1)  0(1) 
Cr(3)  0.002(1)  0.002(1)  0.003(1)   0(1)   0.001(1)  0(1) 
Rb(4)  0.097(4)  0.067(3)  0.092(4)   0.004(3)  -0.013(3)  0.020(3) 
Rb(5)  0.050(3)  0.075(3)  0.100(4)  -0.046(3)   0.036(3) -0.007(2) 
O(1)   0.009(5)  0.005(5)  0.006(5)  -0.003(4)  -0.001(4)  0.001(4) 
O(2)   0.002(5)  0.006(5)  0.008(5)   0.001(4)   0.001(4) -0.002(4) 
O(3)   0.015(6)  0.001(5)  0.007(5)  -0.003(4)  -0.002(4)  0.001(4) 
O(4)   0.004(5)  0.016(6)  0.007(5)   0(4)   0.002(4) -0.004(4) 
O(5)   0.011(5)  0.004(5)  0.004(5)  -0.004(4)   0.001(4)  0.006(4) 
O(6)   0.003(5)  0.010(5)  0.012(5)  -0.001(4)   0.005(4) -0.001(4) 
O(7)   0.007(5)  0.002(5)  0.009(5)   0(4)   0.001(4)  0(4) 
a The anisotropic temperature factor expression is exp [-2π2( U11a2h2 + …+ 2 U12a* b*hk 
b*hk+ …)]. 
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Table 5.10 Selected bond distances (Å)a for Cs2Co2O(P2O7) 
Co(2)-O(5)    
Co(2)-O(3)#1  
Co(2)-O(1)    
Co(2)-O(4)#2  
P(2)-O(4)     
P(2)-O(1)     
P(2)-O(3)     
P(2)-O(6)     
O(3)-Co(2)#3  
O(4)-Co(2)#4  
O(5)-Co(2)#5  
O(6)-P(2)#5   
1.662(9)  
1.67(2)  
1.78(3)  
1.91(2) 
1.54(3)  
1.69(3)  
1.74(2)  
1.73(2) 
1.67(2)  
1.91(2) 
1.662(9)  
1.73(2) 
 
a
 Symmetry transformations used to generate equivalent atoms:  
 #1 x-1/2,-y+1/2,z    #2 x,y,z+1      #3 x+1/2,-y+1/2,z      
 #4 x,y,z-1                #5 x,-y+1,z      
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Table 5.11 Selected Bond Angles (deg)a for Cs2Co2O(P2O7) 
O(5)-Co(2)-O(3)#1   
O(5)-Co(2)-O(1)     
O(3)#1-Co(2)-O(1)   
O(5)-Co(2)-O(4)#2   
O(3)#1-Co(2)-O(4)#2 
O(1)-Co(2)-O(4)#2   
O(4)-P(2)-O(1)      
O(4)-P(2)-O(3)      
O(1)-P(2)-O(3)      
O(4)-P(2)-O(6)      
O(1)-P(2)-O(6)      
O(3)-P(2)-O(6)      
P(2)-O(1)-Co(2)     
Co(2)#3-O(3)-P(2)   
P(2)-O(4)-Co(2)#4   
Co(2)-O(5)-Co(2)#5  
P(2)-O(6)-P(2)#5    
141(1) 
103(1) 
104(1) 
102(1) 
 98.(2) 
100 (1) 
111 (2) 
114 (2) 
105(1) 
124 (1) 
113(2)  
 83(2)  
131(1) 
150(1) 
133(1) 
153(2)  
147(3) 
a
 Symmetry transformations used to generate equivalent atoms:  
 #1 x-1/2,-y+1/2,z    #2 x,y,z+1      #3 x+1/2,-y+1/2,z      
 #4 x,y,z-1                #5 x,-y+1,z      
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Table 5.12 Selected bond distances (Å)a for KCrAs2O7 
As(1)-O(3)   
As(1)-O(4)   
As(1)-O(1)   
As(1)-O(2)   
As(1)-K(4)#1 
As(1)-K(5)#1 
As(1)-K(5)   
As(2)-O(5)   
As(2)-O(6)   
As(2)-O(7)   
As(2)-O(2)   
As(2)-K(5)#2 
As(2)-K(4)#2 
Cr(3)-O(1)#3 
Cr(3)-O(3)#4 
Cr(3)-O(6)#5 
Cr(3)-O(4)   
Cr(3)-O(7)#3 
Cr(3)-O(5)#6 
Cr(3)-K(4)#6 
1.646(5)  
1.668(5)  
1.676(5)  
1.747(5)  
3.455(2) 
3.728(1) 
3.967(1) 
1.656(5)  
1.662(5)  
1.667(5)  
1.767(5)  
3.467(2) 
3.591(1) 
1.960(5)  
1.968(5)  
1.972(5)  
1.972(5)  
1.974(5)  
1.983(5)  
3.718(2) 
Cr(3)-K(5)#1  
K(4)-O(1)#7   
K(4)-O(1)#8   
K(4)-O(3)#7   
K(4)-O(3)#8   
K(4)-O(5)     
K(4)-O(5)#9   
K(4)-O(7)#10  
K(4)-O(7)#11  
K(4)-O(6)#10  
K(4)-O(6)#11  
K(4)-As(1)#7  
K(4)-As(1)#8  
K(5)-O(6)#5   
K(5)-O(6)#11  
K(5)-O(4)#4   
K(5)-O(4)#8   
K(5)-O(7)#5   
K(5)-O(7)#11  
K(5)-O(2)     
3.937(2)  
2.829(5)  
2.829(5)  
2.834(5)  
2.834(5)  
2.865(5)  
2.865(5)  
3.172(5)  
3.172(5)  
3.226(5)  
3.226(5)  
3.455(2) 
3.455(2) 
2.772(5)  
2.772(5)  
2.853(5)  
2.853(5)  
3.092(5)  
3.092(5)  
3.354(5) 
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Table 5.12 (Continued)  
K(5)-O(2)#12  
K(5)-As(2)#5  
K(5)-As(2)#11 
K(5)-As(1)#4  
K(5)-As(1)#8  
O(1)-Cr(3)#3  
O(1)-K(4)#1   
O(3)-Cr(3)#4  
O(3)-K(4)#1   
O(4)-K(5)#1   
3.354(5)  
3.467(2) 
3.467(2) 
3.728(1) 
3.728(1) 
1.960(5)  
2.829(5)  
1.968(5)  
2.834(5)  
2.853(5) 
O(5)-Cr(3)#13  
O(6)-Cr(3)#5   
O(6)-K(5)#2    
O(6)-K(4)#2    
O(7)-Cr(3)#3   
O(7)-K(5)#2    
O(7)-K(4)#2    
1.983(5)  
1.972(5)  
2.772(5)  
3.226(5)  
1.974(5)  
3.092(5)  
3.172(5) 
 
a
 Symmetry transformations used to generate equivalent atoms:  
#1 x-1,y,z                 #2 x,y+1,z                #3 -x,-y+1,-z+1      
#4 -x,-y,-z+1            #5 -x+1,-y+1,-z+1   #6 x,y,z+1      
#7 -x,-y,-z                #8 x+1,y,z                #9 -x+1,-y,-z      
#10 -x+1,-y+1,-z     #11 x,y-1,z               #12 -x+1,-y,-z+1      
#13 x,y,z-1      
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Table 5.13 Selected bond distances (Å)a for RbCrAs2O7 
As(1)-O(4)    
As(1)-O(3)    
As(1)-O(1)    
As(1)-O(2)    
As(1)-Rb(4)#1 
As(1)-Rb(5)#1 
As(1)-Rb(5)   
As(2)-O(7)    
As(2)-O(5)    
As(2)-O(6)    
As(2)-O(2)    
As(2)-Rb(5)#2 
As(2)-Rb(4)#2 
As(2)-Rb(4)   
Cr(3)-O(7)#3  
Cr(3)-O(3)#4  
Cr(3)-O(5)#5  
Cr(3)-O(6)#6  
Cr(3)-O(1)#3  
Cr(3)-O(4)    
1.65(1)  
1.65(1)  
1.67(1)  
1.75(1)  
3.456(2)  
3.727(2) 
3.969(2) 
1.66(1)  
1.66(1)  
1.66(1)  
1.75(1)  
3.469(2)  
3.589(2) 
4.103(2) 
1.96(1)  
1.96(1)  
1.96(1)  
1.96(1)  
1.96(1)  
1.97(1) 
Cr(3)-Rb(4)#5 
Cr(3)-Rb(5)#1 
Rb(4)-O(1)#7  
Rb(4)-O(1)#8  
Rb(4)-O(3)#7  
Rb(4)-O(3)#8  
Rb(4)-O(5)#9  
Rb(4)-O(5)    
Rb(4)-O(7)#10 
Rb(4)-O(7)#11 
Rb(4)-O(6)#10 
Rb(4)-O(6)#11 
Rb(4)-As(1)#7 
Rb(4)-As(1)#8 
Rb(5)-O(6)#6  
Rb(5)-O(6)#11 
Rb(5)-O(4)#8  
Rb(5)-O(4)#4  
Rb(5)-O(7)#6  
Rb(5)-O(7)#11 
3.718(2)  
3.936(3)  
2.82(1) 
2.82(1) 
2.83(1) 
2.83(1) 
2.86(1) 
2.86(1) 
3.18(1) 
3.18(1) 
3.21(1) 
3.21(1) 
3.456(2)  
3.456(2)  
2.78(1) 
2.78(1) 
2.85(1) 
2.85(1) 
3.09(1) 
3.09(1) 
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Table 5.13 (Continued)  
Rb(5)-O(2)     
Rb(5)-O(2)#12  
Rb(5)-As(2)#11 
Rb(5)-As(2)#6  
Rb(5)-As(1)#8  
Rb(5)-As(1)#4  
O(1)-Cr(3)#3   
O(1)-Rb(4)#1   
O(3)-Cr(3)#4   
O(3)-Rb(4)#1   
3.36(1)  
3.36(1)  
3.469(2)  
3.469(2)  
3.727(2) 
3.727(2) 
1.96(1)  
2.82(1)  
1.96(1)  
2.83(1) 
O(4)-Rb(5)#1 
O(5)-Cr(3)#13 
O(6)-Cr(3)#6 
O(6)-Rb(5)#2 
O(6)-Rb(4)#2 
O(7)-Cr(3)#3 
O(7)-Rb(5)#2 
O(7)-Rb(4)#2 
2.85(1) 
1.96(1) 
1.96(1) 
2.78(1) 
3.21(1) 
1.96(1) 
3.09(1) 
3.18(1) 
 
a Symmetry transformations used to generate equivalent atoms:  
#1 x-1,y,z               #2 x,y+1,z    #3 -x,-y+1,-z+1      
#4 -x,-y,-z+1          #5 x,y,z+1    #6 -x+1,-y+1,-z+1      
#7 -x,-y,-z              #8 x+1,y,z    #9 -x+1,-y,-z      
#10 -x+1,-y+1,-z   #11 x,y-1,z   #12 -x+1,-y,-z+1      
#13 x,y,z-1      
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ACr(As2O7) (A = K, Rb) 
ACr(As2O7) (A = K, Rb) crystallizes in the P-1 (no. 2) space group and is 
isostructural with ACr(P2O7) (where A = Na, K, and Cs).3  The CrO6 units possess 
octahedral coordination and are isolated via As2O7 units resulting in a three-dimensional 
covalent framework, as shown in Figures 5.4 and 5.5. The A-site cations reside within the 
channels of the three-dimensional channel systems. The channel along the c axis (see Fig. 
5.4) is comprised of As2O7 units connected to isolated CrO6 octahedra alternating in a 
spiral fashion. The channel along the b axis is composed of a larger channel with similar 
connectivity to the channel along the c axis as well as a smaller channel composed of two 
CrO6 octahedra with one AsO4 of the As2O7 unit between them (see Fig. 5.5). The 
channel that runs along the a-axis is similar to the larger channels mentioned above with 
a smaller channel that alternates similar to the b-axis channel. Chromium is in the 3+ 
oxidation state whereas arsenic is in a 5+ oxidation state. Cr-O bond distances range from 
1.96(1) Å to 1.98(3) Å for the K analog and 1.94(1) Å to 1.98(4) Å for Rb, which are 
comparable to 1.97Å, the sum of Shannon crystal radii of six-coordinated Cr3+ (0.78 Å) 
and O2- (1.21 Å).14 As-O bond distances range from 1.65(3) Å to 1.66(2) Å for terminal 
oxygens and 1.76(2) - 1.78 Å for bridging oxygen. The former is comparable with 1.69 
Å, the expected distance according to Shannon crystal radii sum. The potassium 
coordination is identical to that of rubidium in ACr(As2O7) where two 
crystallographically independent atoms A exist with one being eight coordinate and the 
other ten coordinate. The former adopts A-O bond distances ranging from 2.74(4) Å to 
3.54(4) Å for K and 2.77(4) Å to 3.35(4) Å for Rb. The latter is ranging from 2.82(7) Å 
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to 3.22(5) Å and 2.80(7) Å to 3.22(4) Å, respectively. The expected A-O distance 
according to Shannon is 2.94 Å for K and 3.01 Å for Rb. With these distances it should 
be easy for lithium to be exchanged with these cations considering they are much larger 
and lithium is much smaller. BVS calculations (1.47 and 1.39 for K)12 show that both 
potassium and rubidium atoms within each structure are essentially 1+.  
 
Discussion 
Cs2Co2O(P2O7) 
Cs2Co2O(P2O7) shows a large d-d transition around 1.7eV to 2.5eV with a ligand 
to metal charge transfer occurring at around 5.2eV. The unusually large d-d transition is 
attributed to the nature of coordination of cobalt within the structure. Because cobalt 
adopts a tetrahedral coordination rather than an octahedral coordination, a larger d-d 
transition occurs. This is because oxygen p orbitals contribute some ungerade character 
to the molecular orbitals resulting in a relaxing of the Laporte selection rule. Extinction 
coefficients for tetrahedrally coordinated metals can be 102 greater then those which are 
octahedrally coordinated. 
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Figure 5.1 Perspective view along the b axis of Cs2Co2O(P2O7) 
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Figure 5.2 Cs2Co2O(P2O7) viewed along the c axis showing the channels in which Cs 
resides. 
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Figure 5.3 Chain that runs along the b axis in Cs2Co2O(P2O7) composed of Co2O7 and 
P2O7 units that share their vertex oxygen atoms. 
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Figure 5.4 Perspective view along the c axis of KCr(As2O7) showing channels where 
potassium resides.   
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Figure 5.5 Perspective view along the b axis of KCr(As2O7) showing channels where 
potassium resides.   
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Figure 5.5 UV-vis Spectrum of Cs2Co2O(P2O7) showing a large d-d transition. 
 
Figure 5.6 UV-vis spectrum of Cs2Co2O(P2O7) displaying the intense d-d transition 
resulting in the blue color in the crystal. 
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Figure 5.7 UV-vis spectrum of KCr(As2O7) showing d-d transitions along with a ligand 
to metal charge transfer. The spectrum of CrCl3 is displayed in green for comparison. 
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Figure 5.8 EDX of Cs2Co2O(P2O7) showing the elemental contents. 
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Figure 5.9 EDX of KCr(As2O7) showing the elemental contents. 
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Figure 5.10 PXRD pattern of high yield reaction (Red) of Cs2Co2O(P2O7) as compared to the calculated 
PXRD pattern (blue).  
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Figure 5.11 Temperature-dependent magnetic susceptibility curve along with inverse 
susceptibility at a field of 100 Oe. The red line represents the Curie-Weis curve 
fit. 
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The temperature-dependent magnetic susceptibility of Cs2Co2O(P2O7), χM, 
measurement (Figure 5.11) was analyzed using the Curie-Weiss fit for the temperature 
range of 5-300K and shows a magnetic moment of µeff = 4.1(5) µB at 100 Oe which are 
within the standard deviation of the expected µ of 4.3-5.20 µB. The magnetic study shows 
a negative Weiss constant θ, -6.9(2) K indicating antiferromagnetism. The magnetic 
susceptibility of this material is field independent.  
Energy dispersive X-ray analysis (Figure 5.7) indicates that Cs, Co, P, and O are 
present in the appropriate ratios for Cs2Co2O(P2O7). This information, though qualitative 
in nature, does support the structure solution in that the correct elements were included in 
the structural solution. The channel nature of the title compound allows the possibility for 
Li-ion exchange with Cs+. Because the structure possesses a two dimensional channels 
system, this will allow cesium to be more mobile as it has more than a single direction to 
exit the covalent framework as lithium enters. Figure 5.10 displays the PXRD pattern of 
Cs2Co2O(P2O7) compared to the calculated PXRD pattern.  
Cs2Co2O(P2O7) crystallizes in the Cm space group witch is non-centrosymmetric. 
Because of the NCS space group this material can exhibit optical activity, pyroelectricity, 
and piezoelectricity according to Halasyamani and Poeppelmeier.5 While both Co and P 
sites show cation disordering with respect to the mixed Co/P, the overall composition 
remains to be Cs2Co2O(P2O7) given the successful stoichiometric synthesis. Thus the 
oxidation state of cobalt is formally 2+. 
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ACrAs2O7 (A = K, Rb)  
 Materials that exhibit a covalent channel network have a variety of applications 
such as lithium-ion-exchange, the theme of this thesis study. These materials can provide 
a means for lithium to be inserted into the structure making it useful as a potential 
cathode material. These materials would potentially have a greater opportunity to act as a 
cathode material if A-site cations are exchanged with lithium/silver. The characteristic of 
possessing a three-dimensional channel system allows more opportunity for lithium to be 
inserted and exchanged making it accessible to ion-exchange reactions.   
 The UV-vis spectrum of KCrAs2O7 (Figure 5.7) shows two d-d transitions 
occurring around 1.7eV and 2.5eV with a ligand-to-metal charge transfers occurring at 
about 4.2 eV and 5.4 eV. The d-d transitions in absorption spectra are responsible for the 
green color of the crystals. Two d-d transition occur within this compound. This can be 
attributed to temporary distortions of the octahedra via unsymmetrical vibrations that 
may occur. This can be seen in CrCl3 which possesses Cr3+ in an octahedral environment 
and exhibits two d-d transitions similarly.  
 EDX of the K analogue shows K, Cr, As, O in appropriate ratios which provide 
further evidence to the structural solution. This can be seen in Figure 5.8. Though this is a 
qualitative experiment it does give some reassurance to the contents of the material. 
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Conclusion 
 The title compounds have been successfully synthesized via high-temperature 
methods. Cs2Co2O(P2O7) shows an interesting optical behavior due to the tetrahedral 
nature of cobalt. The fact that this material crystallizes in the Cm space group means that 
it does not have a center of symmetry, which is an indicator that it might possess optical 
activity, pyroelectricity, and piezoelectricity properties. Further study into these 
phenomena should be conducted. The alkali chromium arsenates are two more additions 
to the pyroarsenates family of compounds. They exhibit typical d-d transitions owing to 
their green color. Li+-exchange can be studied in the future for comparison in seeking 
parameters that characterize better materials performance as a cathode material. In 
summary, the materials within this chapter show potential in applications of Li+-
exchange, magnetic and optical usages.  
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CHAPTER SIX 
CONCLUSIONS 
 New materials with desired applications can be synthesized via exploratory 
synthesis employing, for instance, salt flux method or conventional solid state synthesis 
methods. The use of higher temperature synthetic techniques allows for 
thermodynamically stable compounds to form whereas low-temperature, hydrothermal 
synthesis, for example, can produce mostly kinetic materials. The necessity for materials 
that sustain thermal stability at elevated temperatures is critical when considering lithium 
battery applications. Whether the batteries are used for cellular phones, computers, and 
especially cars the demand for stable positive electrode materials is of technological 
importance. With the development of new electrodes comes another challenge which is to 
find suitable electrolytes that sustain high reduction voltage or inert to electrode at given 
conditions. But, as mentioned earlier, this is the discussion of different research being 
currently carried out by others. 
 Silver manganese vanadates provide opportunity for exploring new positive 
electrode materials for primary lithium batteries. With two reducible transition metals 
present, materials have potential to allow extended reduction capacity with more lithium 
cations to be transported, thus larger charges (electrons) during the discharge process of 
Li → Li+ + e-. The most notable material in this thesis study is Ag3Mn(VO4)2. If four 
lithium cations are allowed to completely intercalate into the structure then a capacity of 
176 mAh/g could occur above 3 V. If vanadium was in an octahedral coordination then 
the capacity would jump to 264 mAh/g. If the substitution of an electronegative fluorine 
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for oxygen could be incorporated in the structure then the new material could potentially 
have an octahedral environment for vanadium, which would then result in a higher 
reduction potential with respect to lithium.  
 AgMn2V3O10 has manganese in the 2+ oxidation sate resulting in manganese less 
likely contributing to the overall reduction potential of the material. Silver has to provide 
the necessary reduction potential above 3 V and with a single silver atom contributing to 
the reduction potential above the desired goal its capacity is reduced to a mere 50.5 
mAh/g. Even with its demise as a potential positive electrode material for non-
rechargeable battery applications, it does have some interesting characteristics. It does 
possess a one-dimensional channel structure which is rather uncommon among 
vanadates. If silver can be substituted by lithium it can serve as a cathode material for 
rechargeable lithium ion battery devices.  
 Among other candidates for lithium ion battery application are Cs2Co2O(P2O7), 
KCrAs2O7, and RbCrAs2O7. These materials exhibit three-dimensional channel structures 
with different A-site cations residing within. The covalent networks possess a negative 
charge overall with the A-site cations providing charge balance. These A-site cations can 
possibly be exchanged with lithium which would provide opportunity for them to act as 
positive electrodes for lithium ion cells. With Cs2Co2O(P2O7) having cobalt in a 2+ 
oxidation state, If Li-exchange were performed the resulting product would be 
Li2Co2O(P2O7), the discharge (Li2-xCo2O(P2O7)) will result in an oxidized Co3+, which is 
what is desired for lithium-ion batteries. Also KCrAs2O7 and RbCrAs2O7 possess 
chromium in a 3+ oxidation state which is unusable for lithium-ion batteries but could be 
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studied for ion-exchange purposes. These three materials give some direction as to future 
experiments in order to provide good lithium battery cathode materials. Because 
chromium is toxic, its use as a battery material may be limited to non consumer products. 
 
Future Work 
 The silver manganese vanadates need to undergo electrochemical battery testing 
in order to observe their reduction characteristics for continued new material 
development. If they prove to have extended capacity at potentials above 3 V then further 
experiments such as chemical (such as fluorination) and physical (particle size reduction) 
modification can be carried out to improve the discharge characteristics. The exploratory 
synthesis can also be directed toward synthesizing new silver manganese(III) vanadates 
with different stoichiometry and perhaps larger silver and/or manganese content. The 
advantage of having more manganese than silver is that the overall capacity is reflected 
through the molecular weight of the material and knowing that silver is heavy, 
manganese provide ample reduction potential at a much lighter cost in over all mass. By 
the same token, substituting vanadium with a mid transition metal cation (such as Mn in 
this case) can reduce the dead weight of the cathode. This is because that, with consumers 
demanding newer products that are thinner and lighter every year the weight of the 
material does matter. Another aspect to this chemistry is the substitution of oxygen with 
fluorine. By aliovalent substation of oxide, O2-, with fluoride, F-, the coordination of 
vanadium can possibly be extended from tetrahedral to octahedral which would increase 
the reduction potential of vanadium to above 3 V (vs. Li/Li+) and further extend the 
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capacity of the material. The large electronegativity of fluorine allows a material to 
increase its discharge voltage. Ag(I)-Mn(III)-V-O is a promising system, and further 
exploratory synthesis for different new phases needs to be carried out to seek other open-
framework solids.  
